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ABSTRACT 
This thesis considers the two main methodologies within displacement-based design: 
equivalent linearization and displacement modification. The key concepts within each 
process are investigated, with greater emphasis on equivalent linearization. 
Equivalent linearization requires that displacement spectra are defined for multiple 
damping levels and for longer response periods. The shape of the displacement response 
spectrum is influenced by the nature of the dataset and the processing applied to the raw 
strong-motion records. This study then reviews the current situation globally as regards 
to scaling factors used to obtain design spectra at damping values other than 5%. The 
divergence found amongst the various design codes and technical papers is identified 
and investigated. The study reveals that scaling factors are affected by magnitude and 
source-to-site distance, which indicates an influence of strong-motion duration. 
Duration-dependent and cycle-dependent scale factors are derived using a dataset of 
1500 earthquake records. The duration-dependent scale factor is then compared to the 
current EC8 scaling factors, which leads to the recommended modification of the EC8 
damping reduction factors for displacement spectra. Finally in this section, the complex 
relationship between the equivalent damping and ductility ratio of a structural system is 
considered in some detail. The results suggest that the initial period of the system 
should be a component of any future equivalent damping-ductility relationship. 
Displacement modification is a process that applies a number of factors to the elastic 
displacement in order to obtain the inelastic displacement. This methodology relies 
heavily on the equal displacement rule. The validity of the rule is explored when the 
elastic viscous damping is modelled using the tangent stiffness proportional damping 
rather than the usual initial stiffness proportional damping. The rule is still found to be 
valid, although there is much scatter in the data, which is subsequently explored. 
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from Priestley (2000) 
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1.0 INTRODUCTION 
1.1 	Force-Based Seismic Design and Assessment 
The seismic design, and more significantly, assessment of structures has progressed 
considerably in the last 15 years and this can be attributed to the design methodology 
shifting from force-based to displacement-based approaches. 
Although Force-based design is specified by all current seismic design codes around the 
world, more recent assessment guides such as FEMA-440 (FEMA, 2005) advocate 
displacement-based design. The main problem associated with force-based design is the 
poor correlation between structural damage and transient accelerations (hence forces) 
that are applied for a fraction of a second. With reference to Figure 1.1, once the yield 
force is exceeded, it is the displacement that controls structural degradation. Another 
area of concern is related to the origins of the behaviour factor; this reduction factor 
cannot be verified, as it accounts for differences in construction material, structural 
system and ductility characteristics of the structure that cannot be easily quantified 
(Bommer et al., 1998). 
Force 
Displacement 
Figure 1.1: Structural degradation, as controlled by displacement, redrawn from the framework 
for performance-based seismic design (SEAOC, 1995) 
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Performance-based design, and in particular displacement-based procedures, is a natural 
progression from FBD for the assessment of building structures, as the concept is 
simple and relatively easy to implement and a displacement calculation was sometimes 
used as a final check for FBD. 
1.2 	Displacement-Based Seismic Design Used for the Assessment of Building 
Structures 
Displacement based design (DBD), as a totally new procedure rather than an 
amendment to FBD, was developed in 1992, first highlighted by Priestley and 
developed over the years (Priestley and Calvi, 1997; Priestley, 2000). The concept of 
DBD dates back to the 1960s, but only as a final check to a force-based design 
procedure, as carried out by Muto and his colleagues (Bommer et al., 1998). 
Optimisation of DBD is ongoing and a paper by Sullivan et al, (2003) recently reviewed 
eight different DBD methods. 
The most accurate form of DBD would involve the non-linear dynamic analysis of 
detailed mathematical models of structures. This is a complex and time-consuming 
process that often cannot be justified in engineering practice (Albanesi et al., 2002). 
Therefore approximate design methods are required that are efficient, simple to use and 
achieve the best results. The ultimate aim is to obtain an estimate of the inelastic 
displacement for a particular limit state; this is the design displacement that the structure 
should achieve. The current methods are known as non-linear static procedures and can 
be separated into two main groups: 
• Equivalent linearization, which is secant stiffness based 
• Displacement modification, which is initial stiffness based 
The latest version of FEMA-440 (FEMA, 2005) includes design guidance on one 
procedure from each group and so the engineer is given a choice. ATC-55 (Comartin, 
2002) was a project, launched by the Applied Technology Council of California, to 
improve inelastic seismic analysis procedures and the findings are now incorporated in 
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FEMA-440. The equivalent linearization method adopted by FEMA-440 is the capacity 
spectrum method (CSM), which was first developed by Freeman in 1978 (Freeman, 
1978). The displacement modification method adopted by FEMA-440 is the basic 
coefficient method from FEMA-356 (FEMA, 2000), with recommended improvements 
from Miranda et al. (2002). 
Eurocode 8 (CEN, 2004), which is to be used throughout Europe after 2010, presents 
FBD as the preferred seismic design and assessment method. The information on 
displacement-based design is limited but some guidance notes regarding equivalent 
linearization are presented in Annex A. The only data provided within this annex is an 
elastic displacement response spectrum, to be used as part of an equivalent linearization 
method, as well as long period control periods for various soil types. The situation is 
slightly better for the displacement modification method within Annex B, with rules 
presented for the N2 method developed by Fajfar (1996), (Bommer and Pinho, 2006). 
Therefore it can be considered that both equivalent linearization and displacement 
modification are viable design processes, and as with most design guides and computer 
software, the better method will present itself following many years of experience. The 
equivalent linearization method adopted for exploration in this thesis is direct 
displacement-based design (Priestley and Kowalsky 2000), which can be associated 
with the information provided in Annex A of EC8. The displacement modification 
method selected for further study is the method presented in FEMA-440. 
1.2.1 Equivalent linearization 
The origins of this concept date back to 1974 with the development of the substitute-
structure method (Gtilkan and Sozen 1974; Shibata and Sozen 1976), which models 
inelastic response with an equivalent elastic system. There are two key parameters that 
define the substitute structure model: the effective period and the equivalent damping. 
The use of the substitute structure model places new requirements on the design input 
data, in terms of elastic response spectra specified at longer periods, to accommodate 
the effective period, Teff and at multiple damping levels to represent the equivalent 
damping, 4equivaIent• Note that this new family of elastic spectra are also important for the 
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design of buildings and bridges with base isolation or supplementary damping devices. 
Examples are long-span bridges (cable-stayed, suspension), high-rise buildings and 
isolated structures (Bommer et al., 2000). 
1.2.2 Displacement modification 
Displacement modification is a relatively new concept, with the first paper on the 
method published in 1992 (Moehle, 1992), and it was first adopted by the design guides 
FEMA-97 (FEMA, 1997) and UBC-97 (ICBO, 1997). The main requirement is to 
determine the maximum inelastic response spectral ordinates from the maximum elastic 
response spectral ordinates, using the equal displacement approximation or some other 
R-p-T relationship, where R is the yield strength reduction factor, p the ductility and T 
the period (Sullivan et al., 2004). Due to recent developments regarding the most 
appropriate value for the elastic viscous damping (Priestley and Grant, 2005; Hall, 
2005), there is a need to re-evaluate the equal displacement rule. 
1.3 	Overview of the Thesis 
The two most popular displacement-based design methodologies are displacement 
modification and equivalent linearization. As both processes are adopted by design code 
EC8 (CEN, 2004) and assessment guide FEMA-440 (FEMA, 2005), they are assumed 
to be worthy of consideration. 
This thesis re-evaluates the input data, or earthquake actions, for both displacement-
based design methods. However there will be more emphasis on direct displacement-
based design, as there is only scarce information currently provided in the equivalent 
linearization section of EC8 (CEN, 2004), in comparison with the information provided 
for the displacement modification method. Chapters 2-7 focus on the equivalent 
linearization approach, whereas the displacement modification approach is addressed in 
Chapter 8. 
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Chapter 2 considers the general shape of a displacement response spectrum, which is 
representative of the ground motion and important when considering damping reduction 
factors (see Chapter 3). The spectral shape is defined by a number of control periods, 
the values of which are affected in two ways. The first relates to the influence of the 
record processing on the shape of the spectra. A brief look at processing problems and 
the significance of the usable period range will highlight the way in which the control 
periods are affected. The second issue is concerned with how the spectral shape is 
affected by seismological parameters such as magnitude, source-to-site distance, site 
class and near-fault directivity effects. A literature review and analysis are conducted to 
discover to what extent processing and seismological parameters are considered, in 
defining the shape of displacement spectra. 
The work carried out in Chapter 3 is related to the scaling of the 5%-damped response 
spectrum in order to obtain spectra at higher damping levels for design. These scale 
factors are all currently a function of damping and period only. A literature review of 
over 30 technical documents is conducted to study the derivation of each of the 
damping reduction factors presented. This involves investigating the dataset employed, 
the processing, the seismological parameters and any other details that may affect the 
value of the damping reduction factor. Analysis is carried out that compares how the 
scale factor varies with damping value, for all the different studies and also how the 
scale factor varies with period. 
Chapter 4 considers the influence of ground-motion characteristics on spectral scaling 
factors. There is further investigation into the relationship between the damping 
reduction factors and the response period. The aim is to determine whether the period 
dependence of scale factors is genuine and consistent, as applied to code spectra, or 
whether it is simply a facet of the derivation of the scale factor (due to the mixing of the 
records in the dataset, in terms of varying magnitude, source-to-site distance and site 
class). The analysis work selected for this particular task uses the NGA (Next 
Generation of Attenuation) (PEER, 2005) ground-motion prediction equations 
(Campbell and Bozorgnia, 2006) as they are able to predict the ground motion up to a 
period of 10s. 
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A simple test is then carried out to observe the spectral ratios for harmonic motion, to 
obtain an idea of the results that might be expected. The next section of the chapter will 
study the influence of magnitude, source-to-site distance, site class and near-fault 
effects on spectral ratios with the use of four ground-motion prediction equations as 
well as stochastic simulations. Observation of the results will identify whether the scale 
factors should be a function of these seismological parameters. Duration is identified as 
a key parameter and the interpretation of the results is discussed. 
Chapter 5 presents the derivation of duration-dependent damping reduction factors for 
displacement spectra. The NGA dataset is used to produce scatter plots of spectral ratio 
against duration (significant duration 5-95%) at 11 damping values up to 55%. 
Regression analyses are performed to define a duration-dependent scaling factor for a 
duration range of 1-30s. The NGA dataset is then used to produce scatter plots of 
spectral ratio against the number of cycles of motion (Rainflow range counting). Cycle-
dependent scaling factors are then derived using regression analyses. The duration-
dependent equation is then compared with the EC8 (CEN, 2004) scale factor and 
recommendations are made for modifications to the EC8 scale factor. The 
implementation of the results on design codes in general is then discussed. 
Chapter 6 comprises a literature review of the equivalent viscous damping; in particular 
the relationship between the equivalent viscous damping, P- equivalent, and ductility factor, 
IA, is investigated. Analysis is carried out to compare each of the 4equivaientli 
relationships from the selected documents, to try and identify possible causes for the 
divergence. 
Chapter 7 commences as an exploratory study into the 4equivalent-P relationship, 
following the review of Chapter 6. This work uses the NGA dataset and batch-processor 
MDA (Multiple Dynamic Analyses), which calls upon the program SeismoStruct 
(Seismosoft, 2003) to output the equivalent damping and ductility of a simple elasto-
plastic SDOF system, subject to each record of the NGA dataset. Scatter plots of 
approximately 1500 strong-motion records, which show how the equivalent viscous 
damping varies with ductility factor for 5 initial periods, are obtained. This study then 
changes course and develops into an investigation into the large scatter in the results of 
the analysis. 
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Chapter 8 investigates the displacement modification approach. The research work 
presented here re-examines the validity of the equal displacement rule, derived in the 
1960s, in light of recent developments regarding the elastic viscous damping value. 
Currently the elastic damping of 5% say is related to the initial stiffness of the elasto-
plastic hysteretic model, but this has been found to dominate the total energy loss (Hall, 
2005; Priestley and Grant, 2005). Therefore the tangent stiffness proportional damping 
is adopted as it gives a more reasonable estimation of the elastic damping. MDA is used 
to obtain the maximum displacements at each selected yield force, for a dataset of 264 
records. The results are processed to see if the equal displacement rule is still valid with 
this alternative model of the elastic viscous damping. 
Chapter 9 is for conclusions and recommendations for future work. This chapter will 
naturally review the research work presented in this thesis and future work will also be 
recommended. 
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2.0 	DISPLACEMENT SPECTRA 
2.1 	General Shape of Displacement Spectra 
Defining the basic shape of the displacement spectrum, as a characteristic of the ground 
motion, is the first step in the re-evaluation of earthquake actions for displacement-
based design. A single-degree-of-freedom system (SDOF) is a model of a mass m 
supported on a column of stiffness k with a natural period of vibration 7'. Viscous 
damping may be applied to counteract any imposed vibrations. The response spectrum 
is a graphical representation of how a series of SDOF systems with various response 
periods, will respond when subjected to a particular vibration at their base, such as an 
acceleration time-history. The maximum response of each oscillator will be different 
according to its natural period of vibration and the frequency content of the input 
ground motion. In the case of measuring the displacement response of the oscillators, a 
displacement spectrum is obtained. The boundary conditions are zero displacement at 
zero period and PGD (the maximum displacement of the ground), which is the biggest 
separation between mass and base at very long periods (Figure 2.1). 
Period (s) 
Figure 2.1: The basic shape of the displacement spectrum, as defined by SDOF systems with 
various response periods. 
As displacement is now the key response parameter for displacement-based seismic 
design, and as outlined in Chapter 1, elastic response spectra now need to be defined for 
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multiple damping values and longer periods. It is also essential that the spectra are 
defined well, as any inadequacies are maintained during the application of damping 
reduction factors to the 5% spectrum, in order to obtain spectra at other damping values. 
It would be convenient to somehow use or modify the spectra currently provided in 
design codes, but whether this is a feasible option is considered herein. These design 
guides were produced years ago, when little attention was paid to long-period spectral 
ordinates and the processing applied to strong-motion records at that time could only be 
guaranteed up to 3 or 4s (Bommer et al., 1998). Although these code spectra were 
derived with FBD in mind, the ordinates of the acceleration spectra could still be 
obtained for longer periods; however, it is the reliability of this data that is being 
questioned. 
It is interesting to note that Bommer and Elnashai (1999) conducted a study of 22 
design codes and all but two of the displacement spectra, converted from acceleration 
spectra, showed no sign of reaching the peak displacement plateau before 4s. This could 
only be justified in accordance with the findings of NEHRP-2003 (FEMA, 2003) and 
Boore (2005) if the data was biased towards larger magnitude events, as the constant 
displacement plateau would not be expected to occur before 4s. If the work of Bommer 
and Elnashai (1999), Faccioli et al. (2004) and Guan et al. (2004) is observed, it can be 
seen that in some cases, the constant displacement plateau is expected to occur at 
shorter periods of 2 or 3s for lower magnitude events. Therefore if a balanced dataset, in 
terms of magnitude range, was used for each of the 20 codes, it may be that the 
accelerograms are distorted at shorter periods. Therefore this record processing problem 
may be accountable for the lack of constant displacement plateau at periods less than 4s. 
It has been found that transformation of current code-based acceleration spectra into 
displacement spectra results in the long-period displacement increasing monotonically 
with period. This was previously viewed as a problem at the time and was addressed by 
ensuring a portion where the acceleration decays in inverse proportion to the square of 
the period. The first seismic design code to account for this feature was the 1990 French 
code (IAEE, 1996), which introduced the decay at a period of approximately 3s, 
depending on the site class. EC8 (CEN, 2004), was one of the first codes to provide for 
displacement-based design with a displacement spectrum compatible with the 
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acceleration spectrum. This was derived by Bommer et al. (2000), who developed the 
work of Newmark and Hall (1973, 1982), with control periods TD, TE and TF (Figure 
2.2) based on the work of Tolis and Faccioli (1999). However, recent studies (FEMA, 
2003; Boore, 2005) confirmed that little attention was paid to long-period spectral 
ordinates in the past; the displacement is expected to increase monotonically up to the 
constant displacement plateau, at longer periods. 
Control periods define the shape of the response spectrum, for example, marking the 
beginning and end of the constant displacement plateau. 
SA 
PGA 
TB 	Tc 	TD 	 T5 	 TF 	T (sec) 
SD 
Figure 2.2: Control periods for compatible acceleration and displacement spectra (Bommer et 
al., 2000) 
Bommer et al. (2000) provided a series of equations to facilitate the construction of the 
spectral acceleration ordinates up to a period of 3s. The construction of these spectra 
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requires the knowledge of PGA, PGV and PGD, which are obtained from hazard maps 
for the region. These equations are a function of PGA and the control periods. With 
reference to Equation (2.1), control period Tc marks the transition from the constant 
acceleration plateau to the constant velocity plateau and TD marks the transition from 
the constant velocity plateau to the constant displacement plateau: 
PGV) Tr. = 5 
- (PGA 
TD = 8 r PGD) 
PGV)) 
(2.1) 
Once the acceleration spectrum has been constructed using the series of equations, the 
displacement spectrum may be obtained by using Equation (2.2) for pseudo spectra. 
T 2 SD = PSA 
4n-2 
(2.2) 
There are two significant ways in which the shape of the displacement response 
spectrum, as defined by control periods, is affected: by the record processing applied to 
the raw strong-motion records and the seismological parameters that include the 
magnitude, source-to-site distance, site class and near-fault directivity effects. The 
extent of each contribution is studied within the next two sections. 
2.2 	Influence of Record Processing 
During an earthquake, accelerographs record the acceleration of the ground movements 
against time and are the best representation and measure of the damage potential for 
structures and lifelines. Accelerographs are designed to record strong shaking and thus 
produce the best results when located close to the earthquake source; therefore, it is 
necessary for them to be sensitive to ground motions as well as robust enough to 
withstand such vibrations (Bommer, 2004). The first type of instrument, produced in 
1933, was an analogue instrument and the recording that was obtained had to be 
digitised before it could be used for design purposes. This digitisation process 
essentially transforms the record into a series of coordinates to be used for design. 
Unfortunately, this process introduces small errors (long-period noise) into the 
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recordings, which is mainly due to the imperfection of the tracking in digitisers. The 
record may also be contaminated with noise from distortion of the recording medium. It 
is during the integration of the acceleration time history, in order to obtain the velocity 
and displacement time-histories (Figure 2.3), when the effects of noise in the record are 
seen (Boore and Bommer, 2005). These can include a non-zero value of final velocity 
and a final displacement that is unreasonably large. 
1999 Chi-Chi, TCU0687 NS 
f=0.02 Hz (black); unfiltered (gray) 
Figure 2.3: Sample record, displaying from top, acceleration (cm/s2), velocity (cm/s) and 
displacement (cm). The grey line is evidence of a contaminated record (Boore and Bornmer, 
2005) 
It is at this stage that the raw accelerogram is processed to remove as much of the 
contaminating noise signal as possible, in order to obtain optimum velocity and 
displacement results, in terms of the signal-to-noise ratio. 
An improvement to analogue instruments arrived in the form of digital accelerographs. 
They were introduced in the late 1970s and it was only in the late 1990s when they 
made up the majority of the recordings, and even then it was for just a handful of 
earthquakes. These digital accelerographs are a vast improvement on the analogue 
instruments. For example, the physical process of digitising the record is no longer 
necessary, as this is now done automatically within the instrument, and this greatly 
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improves the signal-to-noise ratio, particularly at longer periods. However, it should be 
stressed that there is still some noise contamination; digital data does not completely 
obviate the need for careful record processing (Boore and Bommer, 2005). 
The long-period noise is removed by baseline correction, filtering or a combination of 
both processes. Baseline adjustments are essentially low-cut filters for which the 
frequency characteristics are unknown. Filtering is also used to remove the short-period 
noise that may also be present in the record. In the case of long-period noise removal, 
when the filtering is applied, the signal beyond the low-frequency filter cut-off is 
removed. This low-frequency cut-off is selected by visually inspecting the Fourier 
amplitude spectra of the acceleration time-history, and is usually chosen at the point 
where the low-frequency amplitudes start to increase rapidly with decreasing frequency. 
The order of the filter is an important parameter that needs to be defined; the higher the 
order, the more rapid the roll-off (but with increased filter-response oscillations for the 
higher order filters) (Boore and Bommer, 2005). 
Note that the resulting record has been 'adjusted' rather than 'corrected', as corrected 
suggests that the pure earthquake signal is ultimately obtained, which is never the case 
(Boore and Bommer, 2005). In filtering out the noise, some of the actual earthquake 
signal will inevitably be lost. This is why the issue of record processing is so important 
to the shape of displacement spectra, as different researchers process their records 
differently. With reference to Figure 2.4, if processing is applied as a uniform filter to 
all the records in a dataset, the shape of the response spectrum would be vastly different 
depending on whether the cut-off filter was at t2 = 70s or 30s. Fortunately, there is vast 
improvement in the filtering of digital records, as the filter corners can be so low that 
little of engineering significance is lost (Boore, 2005). 
The usable period range is of great significance when considering the shape of 
displacement spectra, obtained from processed strong-motion records. This will depend 
on the choice of long-period filter cut-off, the order of the filter and whether the 
recording is from an analogue or digital accelerograph. Previous studies assumed rather 
long usable periods, for example Ambraseys et al. (2004) used the processed record up 
to a period of 0.8 times the filter cut-off and Bommer et al. (1998) suggested a factor of 
1.0. Berge-Thierry et al. (2003) could not have appreciated the usable period range as 
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they adopted a large factor of 2.5. The consequences of going beyond the maximum 
usable period are reduced spectral ordinates, as too much of the earthquake signal has 
been removed by the filter, especially at longer periods. 
Figure 2.4: Sensitivity of displacement response to record processing (Boore and Bommer, 
2005) 
The usable period range for processed analogue recordings is very short, ranging from 
1.5-4s, depending on the filters. This is because low-frequency filter cut-offs are used to 
remove the noise signal and only the response below 3s is little affected by the 
processing. The usable period range of processed digital recordings is twice that of the 
processed analogue recordings (Akkar and Bommer, 2006). 
Akkar and Bommer (2006) carried out a comprehensive study on the range of usable 
period ranges for re-processed strong-motion records for the European dataset compiled 
by Ambraseys et al. (2005), and the results are shown in Table 2.1. 
The usable period is influenced mostly by earthquake magnitude and the site conditions. 
In the case of magnitude, the usable period is found to increase with an increase in 
magnitude (Figure 2.5); note also the improved results for the digital recordings. The 
usable period is also greater for soft soils (Figure 2.6); again note the improved results 
for the digital recordings. Both trends are attributed to the presence of more long-period 
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signal for higher magnitude events and softer soils. In addition, it is found in their study 
that a filter order of 4 provides optimum results in terms of usable period and there is no 
significant change observed for varying damping values. 
Table 2.1: Recommended usable period ranges for processed strong-motion records from 
analogue and digital recordings, where T, is the filter cut-off period (Akkar and Bommer, 2006) 
Measured interval Analogue records Digital records 
Processed to mean-removed' 
spectral displacement ratios 0.3T, (rock) 0.65T, (rock and stiff soil) 
that fall between a range of 0.35T, (stiff soil) 0.7T, (soft soil) 
0.9 and 1.1, with a 90% 
probability at 95% 
confidence level 
0.45T, (soft soil) 
(Conservative values). 
Processed to mean-removed' 
spectral displacement ratios 0.65T, (rock and stiff soil) 0.8T, (rock) 
that fall between a range of 0.7T, (soft soil) 0.9T, (stiff soil) 
0.9 and 1.1, with a 50% 
probability at 95% 
confidence level. 
0.97T, (soft soil) 
'The mean-removed record has been subject to initial baseline correction only; the mean is 
removed from the raw accelerogram. The ratio of the processed to the mean-removed record, 
allows the clear study of the filter cut-off effects on the processed records. 
—4616.\\\\\‘  \ . 
--- 	5 < M < 6 - Analogue \ 
M > 6 - Analogue 
--- 	5 < M < 6 - Digital 
M > 6 - Digital 
0.1 
T/Tc 
Figure 2.5: The influence of magnitude on the usable period range of spectral displacements, 
results are for stiff soil site records (Akkar and Bommer, 2006) 
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Figure 2.6: The influence of site class on the usable period range of spectral displacements 
(Akkar and Bommer, 2006) 
This section on the processing of strong-motion records has not covered the intricacies 
of this science; such detailed studies have been conducted in the past (Trifunac et al., 
1973; Hudson, 1979) and the documents referenced here also provide further, more 
recent information. The main objective was to emphasise the role of record processing 
in defining the shape of the displacement response spectrum, which has been shown to 
be quite significant. Therefore it should be borne in mind when comparing the 
displacement spectra of various studies, that each dataset has probably been processed 
differently and special attention should also be paid to the usable period range. If 
records are used for periods greater than the recommended usable range, the outcome is 
underestimated displacement ordinates. 
Digital recordings are the future of strong-motion data used in design, as they have a 
high signal-to-noise ratio and are reliable up to longer periods. Therefore displacement 
spectra at longer periods can only be defined with greater confidence as the number of 
digital recordings increases. Unfortunately there is still a shortage of accelerograms 
obtained from digital instruments and so datasets of strong-motion records invariably 
contain a majority of analogue accelerograms; this situation can only improve in time as 
the ratio of digital to analogue data increases. 
2.3 	Influence of Seismological Parameters 
This section will focus on the influence of seismological parameters such as magnitude, 
source-to-site distance, site class and near-fault directivity effects on the shape of the 
44 
displacement spectrum. The adopted measure is the value of control period TD (Figure 
2.2), which marks the start of the constant displacement plateau. The other control 
periods will also change, but it is TD that acts as an anchor point for the spectral shape. 
The ultimate aim is to ascertain whether the averaging of datasets, carried out in order to 
obtain a representative spectral shape for code spectra, removes any influence of 
seismological parameters that may exist. Finally the specific case of NEHRP-2003 
(FEMA, 2003) and EC8 (CEN, 2004) are compared in terms of the shape of the 
displacement spectra. 
Magnitude 
Bommer and Elnashai (1999) observed slight variation of the control period TD with 
magnitude, but the significance could not be fully appreciated due to the use of 
analogue recordings. Their results, derived from the European strong-motion dataset 
(Ambraseys et al., 1996), were found to be reliable up to a period of only 3s, due to the 
record processing. However their results up to 3s are shown in Figure 2.7 and indicate 
that as the magnitude (Ms) increases from 5.5-7.5, the value of TD increases (ranging 
from 2-3s for all site classes), as does the displacement ordinate associated with TD. 
The following expression, based on the digital recordings of Faccioli et al. (2004), 
indicates that TD increases almost linearly with moment magnitude (Mw) for Mw>5.7 
(Priestley 2004). Note that Priestley (2004) stated that the Faccioli et al. (2004) 
equations are preliminary and applied to firm ground and strike-slip earthquakes only. 
TD =1+2.5(M ,,, -5.7) 	 (2.3) 
Faccioli et al. (2004) stated that the influence of magnitude on TD should be carefully 
considered, especially for larger earthquakes. As indicated by Figure 2.8, both the value 
of the corner period TD and the spectral ordinates increase as the magnitude increases. 
The value of TD is approximately 5s for a magnitude 7.5 earthquake and 6s for a 
magnitude 8 event. 
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Figure 2.7: Influence of magnitude on the shape of displacement spectra in terms of control 
period TD and the displacement ordinates, for a stiff soil site using results from Bommer and 
Elnashai (1999) 
Period (s) 
Figure 2.8: Influence of magnitude on the shape of displacement spectra, in terms of increasing 
control period TD and displacement ordinates, using Equation (2.3) from Faccioli et al. (2004). 
The results shown are for a stiff soil site at 20 km source-to-site distance. 
The NGA (Next Generation of Attenuation equations) dataset was used by Campbell 
and Bozorgnia (2006) to derive their ground-motion prediction equation. This equation 
was also used to observe the variation in TD with magnitude. The results are shown in 
Figure 2.9 and it can be seen that TD and corresponding spectral ordinates increase as 
the magnitude increases. Specific details regarding the attenuation equation can be 
found in section 4.1 of Chapter 4. 
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Figure 2.9: Influence of magnitude on the spectral shape, as modelled by the NGA attenuation 
equations of Campbell and Bozorgnia (2006), for a rock site class at 10km source-to-site 
distance 
The displacement spectra of EC8 (CEN, 2004) are based on the study of Bommer et al. 
(2000) with control periods defined by Tolis and Faccioli (1999). This code only 
considers the influence of magnitude on the shape of the displacement spectra by 
defining two spectral shapes: Type 1 is for regions of high seismicity and hazard and 
Type 2 is for regions of NW Europe where magnitudes are unlikely to exceed Ms 5.5. 
The control period TD is defined as 2s for the Type 1 spectrum and 1.2s for the Type 2 
spectrum (Figure 2.10). It is important to note that the Tolis and Faccioli (1999) study 
used digital data solely from the 1995 Mw(6.9) Kobe earthquake. 
Acceleration response Displacement response 
Period T(s) Period T(s) 
Figure 2.10: Type 1 and Type 2 spectra presented in EC8 (CEN, 2004); note that control periods 
TE and TF are not yet defined for the Type 2 spectrum. The spectra shown are for site class C. 
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The work of Guan et al. (2004) obtained values of control periods which are 
approximately the same as those of EC8 (CEN, 2004) as shown by Figure 2.11. 
Figure 2.11: Mean spectral shape for high, intermediate and low AN ratios compared with the 
results of Tolis and Faccioli (1999), taken from Guan et al. (2004) 
Their dataset of digital records covered mostly North America and Japan and the range 
of magnitude of various scales was M(3.6-7.5) with a bias towards mid-range 
magnitudes. With reference to the Faccioli et al. (2004) results of Figure 2.8 and the 
attenuation equation of Campbell and Bozorgnia (2006) results of Figure 2.9, the 
control period TD shown in Figure 2.10 is rather low in comparison. 
NEHRP-2003 (FEMA, 2003) design guidelines confirm that the spectral shape is 
strongly influenced by magnitude. This is reflected in the control period TL (equivalent 
to TD), labelled the long-period transition period', which ranges from 4 to 16s, 
depending on the magnitude of the dominant earthquake in each region of the USA 
(Figure 2.12). 
This upper limit value of 16s is unprecedented and highlights the importance of 
optimising the record processing at longer periods. Correlation between magnitude and 
the value of TD was established by determining the corner period between intermediate 
and long-period motions based on seismic source theory. To compound these theoretical 
findings, digital recordings were used to produce response spectra for moderate and 
large magnitude events for observation. Within NEHRP-2003, Equation (2.4) is 
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provided for T„ which is considered an approximation for TD, where M is the moment 
magnitude. 
Figure 2.12: NEHRP-2003 (FEMA, 2003) map to show the values of control period TD 
log T, = —1.25 + 0.3M 	 (2.4) 
This equation has been investigated and Equation (2.4) is found to underestimate the 
control period TD; for example, the equation produces a value of 14s for a mapped value 
of 16s (Personal communication, Kowalsky, 2005). However there are two important 
considerations: the value of T, is only approximately equal to TD and the maps of TD 
were derived from maps of modal magnitude for a region (where modal magnitude is 
the value of magnitude that occurs the most within a region). The maps were prepared 
from the disaggregation of the 2% in 50-year hazard for spectral acceleration at a period 
of 2s. The modal magnitude that was computed represented the magnitude interval that 
had the biggest contribution to the hazard. This modal magnitude map was accepted as 
an approximation to the actual values of modal magnitude, if the disaggregation could 
have been done at longer periods. In general, it is stated within the code that the modal 
magnitude maps correspond to the TD maps but with some smoothing and limiting of 
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TD. Therefore the correlation between the equation for T, (TD) and the map for TD will 
not be exact. 
Boore (2005) used digital data to determine the long-period ordinates of displacement 
and the results are in good agreement with NEHRP-2003 (FEMA, 2003). The control 
period TD is greater than 1 Os for relatively recent earthquakes (1999 Hector Mine and 
2002 Denali), as shown in Figure 2.13. 
The displacement spectra in Figure 2.13 are compared to EC8 and NEHRP-2003 in 
Figure 2.14 and show good agreement with NEHRP-2003. 
Analysis is carried out to compare the value of the control period TD for the reviewed 
documents and the results are shown in Figure 2.15. 
The NEHRP-2003 (FEMA, 2003) value of TD increases exponentially with magnitude 
and the Boore (2005) digital record endorsed these results. NEHRP-2003 is considered 
to be the best estimate of control period TD as it is supported by seismological theory 
and recorded data. The Faccioli et al. (2004) equation contains a linearly increasing 
function where an increase in magnitude causes an increase in the value of TD. The 
results of Bommer and Elnashai (1999) also showed that TD increases with magnitude, 
although the increase is not so pronounced. 
Figure 2.13: Control period TD for the Hector Mine and Denali earthquakes (Boore, 2005) 
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Figure 2.14: Comparison of control period TD for the 2002 Denali earthquake (magnitude 7.9) 
and EC8 and NEHRP-2003 (Boore, 2005) 
Bommer and Elnashai (1999) 
EC8 (CEN, 2004) 
Faccioli et al. (2004) 
NEHRP-2003 (FEMA, 2003) 
A 	Boore (2005) 
Figure 2.15: Analysis to observe how control period TD varies with magnitude according to 
different studies 
Source-to-site distance 
Bommer and Elnashai (1999) suggested that the influence of distance on the shape of 
the displacement spectra is not as significant as the effect of magnitude. The Faccioli et 
al. (2004) equation, as interpreted by Priestley (2004), provides the value of the peak 
displacement, on., at the start of the constant displacement plateau and the control 
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period TD remains constant regardless of the source-to-site distance (Equation 2.5). This 
equation represents motion at stiff soil sites with r defined as the nearest distance to the 
fault plane and the results for a magnitude M„,(7) event (Figure 2.16). 
8max 
10(m" -12)  
r 
(2.5) 
Figure 2.16 shows that the shape of displacement spectra is influenced by the source-to-
site distance in terms of the value of displacement associated with control period TD. As 
the source-to-site distance increases, the value of the spectral displacement increases, 
and therefore the gradient of the low-period part of the spectrum reduces. 
Period (s) 
Figure 2.16: Displacement spectral shape for a source-to-site distance of 10km, 20km and 
30km, using Equation (2.5), taken from Faccioli et al. (2004). Spectra shown are for an 
earthquake of magnitude Mw7 and stiff soil site conditions; the corresponding TD value is 4.2s. 
These results are confirmed by the ground motion prediction equation of Campbell and 
Bozorgnia (2006), represented in Figure 2.17. 
EC8 (CEN, 2004) and NEHRP-2003 (FEMA, 2003) do not specifically account for any 
influence of source-to-site distance on the spectral shape, although NEHRP-2003 does 
contain guidelines for a site-specific design procedure, which considers the source-to-
site distance as part of site-specific probability analysis. 
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Figure 2.17: Influence of source-to-site distance on the spectral shape, as modelled by the 
Campbell and Bozorgnia (2006) attenuation equation, for magnitude M7 and a rock site class 
Source-to-site distance should be considered in defining the shape of the displacement 
spectrum, as confirmed by the results of Faccioli et al. (2004) and the Campbell and 
Bozorgnia (2006) equation, shown in Figures 2.16 and 2.17 respectively. The influence 
of source-to-site distance is currently not taken into account in design codes, except 
during the PSHA that defines the design ground-motion parameters. In the case of the 
EC8 (CEN, 2004) Type 1 spectrum, the spectral shape is only anchored to PGA for all 
magnitudes above M5.5. As the value of PGA changes, it is not known whether the 
magnitude is changing or whether the source-to-site distance is changing. However, as 
the magnitude increases and the source-to-site distance decreases, the return period of 
the earthquake increases (indicating a more damaging earthquake) hence the PGA 
increases (Bommer, 2004). 
Site class 
Site class is generally distinguished by the shear wave velocity (Vs30) in the upper 30m, 
although the reason for 30m is purely related to the cost of drilling boreholes. The 
NEHRP-2000 (FEMA, 2000) site classification scheme is often cited in the literature 
and is provided in Table 2.2. 
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Table 2.2: NEHRP-2000 site classification scheme (FEMA, 2000) 
Class NEHRP (2000) Classification Vs30 (m/s) 
A Very Hard Rock >1500 
B Rock 760-1500 
C Very dense soil or soft rock 360-760 
D Stiff soil 180-360 
E Soft soil <180 
It is suggested (Gregor and Bolt, 1997) that the wavelengths of the shear waves are not 
representative of the topmost 30m of ground. It is proposed that it is inadequate to 
consider solely the topmost 30m and that the depth to bedrock is of great importance to 
the spectral shape. This has resulted in a few ground-motion prediction equations 
(Rogers et al., 1985; Campbell, 1997) that consider the depth to bedrock as a 
contributing factor (Spudich 1999). EC8 (CEN, 2004) also highlighted this possible 
effect by noting that the influence of deep geology on the seismic actions should be 
considered, but currently gives no information on the actual effect on the spectral 
ordinates (Bommer and Pinho, 2006). 
Sommer and Elnashai (1999) found that the value of TD ranges from 2-3s for rock, 2.3-
3s for stiff soil and 2.7-3s for soft soil, so there is a shift to slightly longer periods as the 
site conditions becomes softer. It is noted that for the largest magnitudes and softest 
soils, the actual control period is slightly greater than 3s, although the actual value could 
not be defined because the data were only used up to 3s. The spectral ordinate 
associated with TD also increases as the site conditions become softer. This is 
interpreted as a definite influence of site class on the shape of the displacement spectra. 
Figure 2.18 presents the results of Bommer and Elnashai (1999) for the displacement 
spectra for all three site classes. The results are presented for magnitude Mfi, to show 
the shift in the value of TD and K7.5, to illustrate the difference in the value of the 
spectral ordinates. 
The Faccioli et al. (2004) equations for the influence of site class on the value of TD, as 
interpreted by Priestley (2004), are presented as Equation (2.6) for rock, (2.7) for stiff 
soil and (2.8) for soft soil. 
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Figure 2.18: Influence of site class on the shape of displacement spectra in terms of control 
period TD and the displacement ordinates (Bommer and Elnashai, 1999) 
Faccioli et al. (2004) noted that the equations for rock and soft soil are approximate 
modifications to Equation (2.7) for stiff soil. The Faccioli et al. (2004) equations 
(Equation 2.6-2.8) do not account for a change in the value of control period TD, 
however, TD is expected to increase as the site becomes softer, as observed by Bommer 
and Elnashai (1999). Equations (2.6-2.8) are represented in Figure 2.19 and show that 
the spectral ordinates increase as the site class tends to softer soils. 
Note that Tolis and Faccioli (1999) introduced a new control period, TE, (see Figure 2.2) 
that marks the end of the constant displacement plateau and the start of the convergence 
to PGD. Based on their data for the 1995 Kobe earthquake, they suggested that TE 
depends on the site class, taking a value of 6s for soft soil. 
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Figure 2.19: Influence of site class on the shape of displacement spectra using the equations of 
Faccioli et al. (2004). Values shown are for a magnitude M,„,7 event at 201(m. 
The ground-motion prediction equation of Campbell and Bozorgnia (2006) confirmed 
that the value of the spectral ordinates increase as the site class tends to softer soils 
(Figure 2.20), although the actual value of the control period TD cannot be seen as it 
occurs at periods greater than 10s. 
Figure 2.20: Influence of site class on the spectral shape, as modelled by the attenuation 
equation of Campbell and Bozorgnia (2006) for a magnitude M7 event at a source-to-site 
distance of 10km 
In EC8 (CEN, 2004), the control periods that define the design spectral shape are 
provided for various site classes. Figure 2.21 presents the shape of the displacement 
response spectra for site classes A-E and the trend, excluding site class E, is that the 
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spectral ordinates increase as the site class tends to softer soils. This therefore confirms 
that the site class does influence the shape of displacement spectra. 
Period (s) 
Figure 2.21: Type 1 displacement spectra from EC8 (CEN, 2003), shown for various site classes 
A-E (anchored to a rock PGA of 1g) 
NEHRP-2003 (FEMA, 2003) accounts for the site class with site coefficients Fa and Fv, 
which take different values for each site class from A-E and ranges of mapped spectral 
response acceleration parameters for the maximum considered earthquake, at 0.2s for 
Fa, and at is for Fv. These coefficients are applied to the design acceleration parameters 
that are used to construct the acceleration spectrum. Apart from very soft soil at very 
high accelerations at a period of 0.2s, the site coefficients increase as the site class tends 
to softer soils, although by decreasing amounts since the factors include the effects of 
soil non-linearity. 
Therefore it can be concluded that there is a definite influence of site class on the shape 
of displacement spectra. All the reviewed documents found that the spectral ordinates 
increase as the site class tends to softer soils, however, Bommer and Elnashai (1999) 
also found that the value of the control period ID also increases as the site tends to 
softer soils. Both EC8 and NEHRP-2003 account for the site class when defining the 
displacement spectrum. 
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Near-fault directivity effects 
Somerville et al. (1997) produced a model to show the effect of forward directivity on 
acceleration spectral ordinates; forward directivity is shown by Figure 2.22. 
-116.5 	 -116 
Figure 2.22: The effect of forward directivity on the response at recording stations at Lucerne 
and Joshua Tree, following the rupture of the 1992 Landers magnitude M7.3 earthquake, taken 
from Somerville et al. (1997) 
The authors found that the rupture propagation towards a site causes an increase in the 
spectral amplitude and a decrease in the strong-motion duration, at a period greater than 
0.6s, in comparison with average directivity conditions. They also found that the 
ground-motions are larger in the strike-normal direction compared to the strike-parallel 
direction close to faults at periods greater than 0.6s. 
Abrahamson (2000) developed the Somerville et al. (1997) model further by including 
the influence of distance, as well as the decay of the amplifying effect with separation 
from the fault rupture. Abrahamson (2000) concluded that rupture directivity is not 
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included in most probabilistic seismic hazard calculations but should be, as it affects the 
long-period ground-motion. Somerville (2003) found that a near-fault rupture directivity 
pulse is a narrow band pulse and its period increases with magnitude (Figure 2.23). 
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Figure 2.23: Spectral velocity of fault-normal pulses of moderate (left) and large (right) 
earthquakes, taken from Somerville (2003) 
The period of this near-fault pulse is related to parameters such as rise-time (duration of 
slip at a point on the fault) and the fault dimensions, which generally increase with 
magnitude. The significance of this is that the near-fault ground-motions from lower 
magnitude earthquakes may exceed those of larger earthquakes at intermediate periods, 
across the range of 0.5-2.5s (Somerville, 2003). Therefore the shape of the displacement 
spectra will be affected by a pulse (or local increase in displacement ordinates) at 
varying periods, according to the magnitude of the event. 
59 
Tolis and Faccioli (1999) and Faccioli et al. (2004) considered near-fault directivity 
effects and noted a reduced control period TD for near-fault recordings. It should be 
noted, however, that their data was solely taken from the 1995 M„,6.9 Kobe earthquake 
where most of the records were recorded on soft soil sites. 
EC8 (CEN, 2004) does not account for near-fault directivity effects. NEHRP-2003 
(FEMA, 2003) takes account of near-fault directivity effects within the section on site-
specific procedures. It is expressed that directivity effects increase ground motions for 
vibration periods greater than approximately 0.5s, for fault ruptures propagating 
towards the site. It should be noted that there are a limited number of near-fault records 
in circulation and more definite conclusions may only be drawn, as further records 
become available. 
2.4 	Review of Code Spectra 
Now that it has been identified that the displacement spectral shape is heavily 
influenced by the applied record processing and the seismological parameters of the 
dataset, a number of design codes are reviewed. 
A brief description is provided for each code and some of the information is 
summarised in Table 2.3. It is important to note that there is very little background 
information to code response spectra: there is no information regarding the nature of the 
dataset or the processing applied to the strong-motion records. However, this knowledge 
can sometimes be obtained for certain design codes that have adopted the work from a 
particular study, published in a technical paper. For example, UBC-97 (ICBO, 1997) is 
derived from the work of Newmark and Hall (1982) and EC8 (CEN, 2004) is derived 
from the work of Bommer et a/.(2000) and Tolis and Faccioli (1999). 
Portuguese code (1983) (IAEE, 1996) 
Two spectral shapes are defined, for small magnitude, local earthquakes and large 
distant earthquakes. There is a set of spectra for soil types I, II and III. Acceleration 
response is provided up to a period of 3s. 
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Indian code (1984) (IAEE, 1996) 
Acceleration spectra up to 3s are provided at damping values up to 20%. 
French code (1990) (IAEE, 1996) 
Three sets of control periods for four site classes (rock to soft soil) are used to represent 
the acceleration spectra. 
Spanish code (1994) (IAEE, 1996) 
Accounts for small magnitude, local earthquakes and large distant earthquakes using a 
`contribution coefficient K', which is mapped as contours on the basic zonation map. 
There are three soil types: rock, stiff soil and soft soil. There are two control periods. 
EC8 (1994) (CEN 1994) 
There is a single spectral shape, possibly based on Newmark and Hall (1982), with three 
control periods for three site classes. Control period TD is 3s; Tolis and Faccioli (1999) 
conducted a study that found this to be too high and advised that it be reduced to 2s. 
UBC-97 (ICBO, 1997) 
The relevant sections of this code are based on the work of Newmark and Hall (1982). 
The code provides an equation for control period Ts (Tc in Figure 2.2) of the 
acceleration spectrum, which is a function of coefficient Ca for acceleration and C. for 
velocity. These coefficients also account for the five site classes, the seismic zone and 
source type (magnitude). 
For the maximum zone factor Z=0.4, near fault effects are considered with correction 
factors Na and Arv, which take a different value for each source type. 
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IEE Guide (1998) 
Two acceleration design spectra are provided, one for moderate response (PGA value of 
0.25g) and the other for high response (PGA value of 0.5g); equations are also provided 
in order to construct the spectra at various period ranges, up to a maximum of 6s. 
Caltrans (2001) 
This code adopts the study of Kawashima and Aizawa (1986). The code provides a 
series of acceleration and displacement spectra, defined up to a period of 4s, for a range 
of magnitude M6.25-8.25 and site class WE. 
Chilean Code (INN, 2003) 
Uses 9 earthquake records from Chile to derive the average response and three soil 
types are accounted for. There are similarities with UBC-97 and the Chilean code makes 
references to it. 
NEHRP-2003 (FEMA, 2003) and IBC-2000 (ICBO, 2000) 
Spectral acceleration parameters at 0.2s and 1.0s are provided in maps of the US, as is 
the long-period transition period TL (TD). The spectral acceleration parameters are then 
modified according to site class factors, Fa and Fi, for 5 site classes. There are three 
control periods that define the acceleration spectrum, To, Ts and TD and simple 
equations are provided to obtain the ordinates for various portions of the response 
spectrum, between each control period. Note that TD increases exponentially with 
magnitude from 4-16s. 
Eurocode 8 (CEN, 2004) 
The relevant sections of this code are based on the study conducted by Bommer et al. 
(2000) and Tolis and Faccioli (1999). Two spectral shapes are defined, Type 1 
represents high seismicity regions with magnitude greater than 5.5 and Type 2 is for 
areas of seismicity with magnitude less than 5.5. Five control periods are provided for 
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each type of spectrum for soil types A-E, where A is rock (Vs > 800m/s) and E is soft 
soil (V, < 180m/s). For the Type 1 spectrum, TD=2s, TE=6s and TF=10s. 
Table 2.3: Information relevant to the shape of spectra in design codes 
Design Code Period range No. of site classes No. of control parameters 
Portugal (1983) 
(IAEE, 1996) 3s 3 Not defined 
India (1984) 
(IAEE, 1996) 3s NA Not defined 
France (1990) 
(IAEE, 1996) 
No limit 
specified 4 
3 
TB, Tc and TD 
Spain (1994) 
(IAEE, 1996) 
No limit 
specified 3 
2 
To and T1 
EC8 (1994) 
(CEN 1994) 
No limit 
specified 3 
3 
TB, Tc and TD 
UBC-97 
(ICBO, 1997) 
No limit 
specified 5 
2 
To and Ts 
IEE Guide 
(1998) 6s NA 
3 
0.9s, 0.125s and 0.03s 
Caltrans (2001) 4s 4 Not defined 
Chilean Code 
(INN 2003) , No limit specified 3 
2 
Similar to To and Ts of UBC-97 
NEHRP-2003 
(FEMA, 2003) 
and IBC-2000 
(ICBO, 2000) 
>16s 5 
3 
Spectral acceleration parameter 
at 0.2s and 1.0s and control 
period TD 
Eurocode 8 
(CEN, 2004) >10s 5 
5 
TB-TF 
Table 2.3 highlights the variability amongst each of the selected design codes. NEHRP-
2003 (FEMA, 2003) is the only design guide that fully appreciates the influence of 
magnitude on the shape of displacement spectra. 
Caltrans (2001) does provide a number of acceleration and displacement spectra that 
represent a magnitude range of M6.25-8.25. Portugal (1983), Spain (1994), IEE guide 
(1998) and EC8 (CEN, 2004) make provisions for magnitude by specifying two spectral 
shapes. The two spectral shapes are not adequate for modelling the influence of 
magnitude (Figure 2.24). 
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Figure 2.24: Type 1 and 2 spectra from EC8, anchored to the median PGA estimate for rock 
sites at 10km from earthquakes of different magnitudes obtained from the equations of 
Ambraseys et al. (1996), compared with the median spectra obtained from these equations after 
smoothing the coefficients, taken from Bommer and Pinho (2006) 
The provision of two spectral shapes was meant to account for magnitude without the 
trouble of defining a second ground-motion parameter. Bommer and Pinho (2006) 
investigated the validity of the Type 1 and 2 spectral shapes in relation to the 
magnitude. It can be seen that the shape is approximately the same but the long-period 
ordinates are underestimated for larger magnitude events and overestimated for smaller 
magnitude earthquakes. For example, the spectrum for magnitude M56.5 is 
overestimated by Type 1 and underestimated by Type 2. In addition, the spectra for 
magnitude Ms 7.0 and 7.5 are underestimated by Type 1. 
In relation to the source-to-site distance, only Portugal (1983) and Spain (1994) account 
for this seismological parameter, as two conditions exist for small magnitude, local 
earthquakes and large distant earthquakes. However it could be said that this is 
coincidental due to the location of the small and large magnitude events. 
With the exception of India (1984) and IEE guide (1998), all design codes account for 
the nature of the site class when defining the displacement spectral shape. The influence 
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of near-fault directivity on the amplitude of the spectral ordinates is included in UBC-97 
and can be a considered within site-specific design in NEHRP-2003 (FEMA, 2003). 
Therefore it can be concluded that there is a strong influence of ground-motion 
characteristics on the shape of the displacement spectra. This is evidenced by the variety 
of values of control period TD amongst the reviewed literature, as some studies 
represent particular seismological parameters and some do not. In essence, the reviewed 
codes consider seismological parameters to varying degrees that will also influence the 
displacement spectral shape to different degrees. 
There is no information on the processing of the records used to derive the code spectra, 
therefore there is concern regarding the spectral shape at periods greater than 3s. With 
respect to the usable period range, the tendency is that the results will be 
underestimated, especially at longer periods. Therefore, the current information is 
certainly acceptable for force-based design but inadequate for displacement-based 
design, due to the need for well-defined long-period displacement ordinates. 
In the interest of assessing the current status of EC8 (CEN, 2004), as it will benefit from 
the re-evaluation work conducted in this thesis, the shape of the displacement spectra is 
compared to that of NEHRP-2003 (FEMA, 2003). Note that this comparison has 
already been made in Figure 2.14. NEHRP-2003 is considered to be the most up-to-date 
code in terms of specifying response ordinates, especially at longer periods. 
For the case of EC8 (CEN, 2004), both acceleration and displacement response are 
shown in Figure 2.10 for the Type 1 and Type 2 spectrum. The process of obtaining the 
acceleration response spectrum uses 5 control periods (TB-TF), dependent on the site 
class, and equations are provided for various portions of the response spectrum. The 
displacement spectrum is then obtained by using Equation (2.2). With reference to 
Figure 2.24, it is stated that two spectral shapes are not adequate in representing the 
influence of magnitude and source-to-site distance on the spectral response. 
With regards to EC8 (CEN, 2004), it is now appreciated that a better approximation to a 
uniform hazard spectrum (UHS) is to map two ground-motion parameters, rather than 
the single value of PGA currently used. An obvious choice would be an acceleration- 
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related and a velocity-related parameter, as selected by a number of codes, such as the 
1984 Columbian code and the 1995 Canadian code (IAEE, 1996). NEHRP-2003 
(FEMA, 2003) and IBC-2000 (ICBO, use the spectral acceleration at 0.2s and 1.0s, 
although it is suggested that a third parameter could also be included (Bommer and 
Pinho, 2006). 
For NEHRP-2003, a high-range example of California was selected to obtain a specific 
acceleration spectrum for comparison, with a TD value of 12s. This spectrum was also 
converted to the displacement response spectrum (Figure 2.25) with Equation (2.2). 
Figure 2.25: Acceleration and displacement response for site class C in California, with a value 
of TD of 12s 
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Figure 2.26 compares the displacement spectra of NEHRP-2003 and EC8. The NEHRP-
2003 spectrum is for an earthquake with design spectral response acceleration parameter 
of 2.5g at 0.2s and design spectral response acceleration parameter of 1.73g at 1.0s, for 
site class C. The EC8 Type 1 spectrum is also for site class C, with a PGA of lg. 
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Figure 2.26: Comparison of control period TD for EC8 (CEN, 2004) and NEHRP-2003 (FEMA, 
2003) for site class C and rock PGA of lg 
Although the PGA values of the acceleration spectra are comparable, the Type 1 
spectrum is inadequate in comparison to NEHRP-2003 (FEMA, 2003) spectrum. 
However, it should be remembered that the Type 1 spectrum of EC8 (CEN, 2004) 
represents large magnitude European events, which are not as large as US earthquakes. 
In the case of Europe, earthquakes of an upper bound magnitude of M7.9 can be 
expected (Bommer and Elnashai, 1999). The attenuation equation of Campbell and 
Bozorgnia (2006) was derived using US data and the largest magnitude that can be 
modelled is M,(8.5) therefore this difference in magnitude is relatively small and 
cannot explain the vast difference between the spectra shown in Figure 2.26. 
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	3.0 	SCALING OF 5%-DAMPED RESPONSE SPECTRA FOR 
HIGHER DAMPING LEVELS 
3.1 	Spectral Ratios 
The scaling of the 5%-damped response spectrum for higher damping levels is an 
essential feature of direct displacement-based design. With reference to Figure 3.1, the 
spectral ratio is the ratio between two spectra at different damping levels, for example 
the 10% ordinates with respect to the 5% ordinates. Once the spectral ratio is obtained, 
it is used as the scale factor to be applied to the 5%-damped spectrum. Note that the 
spectral ratio is not constant throughout the entire period range. 
  
t=5% 
   
  
10% 
20% 
30% 
  
      
      
      
      
TETe TD 	 TE 	 TF 
Period (s) 
Figure 3.1: Displacement spectra as defined in Eurocode 8 (CEN, 2004), for site class C and 
anchored to a value of PGA of 1.0g 
With reference to Figure 3.2, the spectral ratio increases linearly to a value of 1 at both 
the period of Os and TF that coincides with the peak ground displacement (PGD). The 
spectral ratios are constant across the plateau of the acceleration, velocity and 
displacement spectra, and it is for this portion that many scale factors are derived. It is 
clear that there is an inherent period dependence that results from the shape of the 
spectra, however, it has recently been suggested (Lin and Chang, 2003; Atkinson and 
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Pierre, 2004) that the scale factor is period-dependent across the entire period range. 
This is investigated in some detail, within this chapter. 
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Figure 3.2: Inherent period dependence of damping reduction factors derived using the EC8 
(CEN, 2004) spectra of Figure 3.1. 
The shape of any individual displacement spectrum is affected by the processing applied 
to the original ground-motion record and the seismological parameters that define it, as 
detailed in Chapter 2. This will inevitably have an impact on the values of the spectral 
ratios. As each technical document is reviewed, special attention will be paid to the 
grouping and averaging of spectra, which is carried out in order to obtain a 
representative spectral shape. It is this average response that is used to ultimately derive 
the damping reduction factors. 
An important issue to be observed throughout this review of scale factors, currently 
provided in the literature, relates to the nature of the results that are presented. The 
preferred choice is the median or 50-percentile results, as opposed to the 84-percentile 
results and the reasons for this are illustrated in Figure 3.3. Graph (a) in the figure 
shows good correlation between EC8 (CEN, 2004) and the 50-percentile values from 
the results of more than 1000 records used by Lin and Chang (2003). Graph (b) shows 
good correlation between EC8 (CEN, 1994) and the 84-percentile values from Lin and 
Chang (2003). It is not advisable to use the 84-percentile results, as the inherent 
variability of the ground motion has already been accounted for in the probabilistic 
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derivation of the 5%-damped spectrum, and double counting this variability in this case 
is not conservative. The 84-percentile values of the spectral ratio are lower than the 
median values, which results in design displacements that are underestimated. There is 
much divergence of the results beyond the period of 6s in both graphs, which may be 
due to the different processing of the records or the different nature of the datasets. 
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Figure 3.3: Spectral ratios, with respect to the 5%-damped ordinates. Graph (a) compares the 
ratios of EC8 (CEN, 2004) with the 50-percentile results of Lin and Chang (2003) and graph (b) 
compares the ratios of EC8 (CEN, 1994) with the 84-percentile results of Lin and Chang (2003). 
The ratios for the EC8 spectra have been obtained using the control periods for the Type 1 
spectrum and site class C 
Another concern relates to whether the spectral ratios are derived using the absolute 
acceleration or the pseudo spectral acceleration ordinates. Lin and Chang (2003) found 
that the spectral ratios obtained from absolute spectral acceleration or relative spectral 
velocity show more pronounced period-dependence than those found with spectral 
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displacement, pseudo spectral velocity or pseudo spectral acceleration. The comparison 
between absolute and pseudo response is illustrated in Figure 3.4. 
Pseudo spectral ordinates should only be used up to 20% damping, as beyond this, they 
will not be a valid representation of the spectral response. However, they are sometimes 
inadvertently used for much higher damping values, which is the case in Ramirez et al. 
(2000). Relative displacement ordinates may be used for any range of damping. Each 
reviewed document, therefore, will be checked to ensure that the scale factors are 
derived using the preferred type of spectral ordinates. 
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Figure 3.4: Comparison of absolute and pseudo response: (a) mean spectral ratios derived from 
displacement spectra, (b) mean spectral ratios derived from velocity spectra and pseudo velocity 
spectra and (c) mean spectral ratios derived from acceleration spectra and pseudo acceleration 
spectra, taken from Lin and Chang (2003) 
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A literature review of over 30 technical documents is conducted to investigate current 
practices in obtaining response spectra at damping values other than 5%. The majority 
of codes make no provisions for spectra at damping values other than 5%, simply 
adopting the 5%-damped ordinates assumed for reinforced concrete. Those that do, 
provide a scaling factor, 77, that can be applied to the nominal 5%-damped ordinates to 
obtain spectra at other damping values. These scaling factors or damping reduction 
factors, as they are also known, are currently only a function of the damping, 4%, and in 
some cases, the response period, T, as well. 
= f (%,T) 
	
(3.1) 
Analysis is conducted to compare the variation of scale factors with damping for all the 
technical papers and design codes. The results are presented at periods of 0.5, 3 and 6s. 
Further analysis is conducted to compare the variation of scale factors with period for 
the reviewed documents. 
3.2 	Review of Published Papers 
There are 31 technical documents reviewed in this section. The scale factor presented in 
each paper is investigated in light of the information discussed in Section 3.1 and all the 
scale factors are compared in the analysis in Section 3.4. 
Newmark and Hall (1973; 1982) 
The scaling factors of Newmark and Hall (1982) are considered but the background to 
their derivation is provided in Newmrk et al. (1973). This 1973 study was sponsored 
by the Directorate of Licensing, US Atomic Energy Commission, for the seismic design 
of nuclear power plants. Two similar studies are discussed within the paper, the first by 
John A. Blume and Associates, conducted in February 1973 and the second by Nathan 
M. Newmark Consulting Engineering Services, conducted in 1972. Blume et al. (1973) 
used 33 earthquake records from 17 earthquakes, with a PGA range of 0.11g to 0.51g. 
Newmark et al. (1972) used 28 horizontal component records and 14 vertical 
component records from 14 earthquakes. The PGA ranged from 0.016g to 0.718g in the 
72 
vertical direction and 0.036g to 1.25g in the horizontal direction. Information regarding 
the source-to-site distance was not provided in this paper. The authors tried to determine 
the site class of each site but were unable to, due to a lack of information for the 
geologic conditions of the site. 
The details of all the records are shown in Table 3.1; a number of these may be found in 
the CALTECH volumes (1996). 
Table 3.1: Information regarding the Californian earthquake records used, taken from Newmark 
et al. (1972) 
Earthquake Year Station Magnitude Mw 
El Centro 1940 El Centro 6.9 
Ferndale 1951 Ferndale 6.0 
Kern County 1952 Hollywood basement 7.4 
Kern County 1952 Hollywood PE Lot 7.4 
Eureka 1954 Eureka 6.5 
Ferndale 1954 Ferndale 6.3 
San Miguel 1956 El Centro 6.5 
San Francisco 1957 Golden Gate Park 5.3 
Hollister 1961 Hollister 5.6 
Borego Mountain 1968 El Centro 6.5 
San Fernando 1971 Castaic, ORR 6.6 
San Fernando 1971 Bank of CA 6.6 
San Fernando 1971 V.N. Holiday Inn 6.6 
San Francisco 1971 Pacoima Dam 6.6 
The maximum response was measured in terms of the relative displacement, pseudo 
relative velocity and pseudo absolute acceleration. Both working groups decided that for 
design purposes , the response spectra should be represented by straight line segments 
with control periods A, B, C and D (Figure 3.5). 
Both studies calculated the response spectra for the records in the dataset and arrive at 
conclusions based on the statistics of the results. Blume et al. (1973) normalised the 
mean and the standard deviation of response spectra to the same value of peak ground 
acceleration (PGA), in order to compare the results. The focus was on short and 
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intermediate periods. Newmark et al. (1972) normalised the spectra across the whole 
period range, first with respect to PGA, peak ground velocity (PGV) and then peak 
ground displacement (PGD). They noted that it would have been better to normalise to 
PGA for high frequencies, PGV for intermediate and PGD for low frequencies. 
However they also noted that the relations amongst the three parameters are statistical 
variables and complications exist. Therefore the Newmark study concluded that PGV 
provides more consistent data than PGA and can be applied across a wider period range. 
Figure 3.5: Average spectral shape with control periods A-D (Newmark and Hall, 1973) 
The two working groups spent much time and effort in defining the control periods 
between the different regions of acceleration, velocity and displacement, which form the 
basis for the spectral shape hence also the spectral reduction factors. The equations in 
Table 3.3 were derived from the spectrum amplification factors that multiply the PGA, 
PGV and PGD to produce the elastic design response spectrum. Acceleration 
amplification factors were used for control periods A, B and C but a displacement 
amplification factor was used for control period D. 
Both teams obtained very similar results from their independent studies, which is 
encouraging. The authors considered the selection of the representative spectrum (from 
their datasets of 33 and 28 records) as being conservative. Therefore the probability 
level recommended for use as a design value is the 84.1% probability level; the median 
or average amplification value was rejected as the authors stated that it would obviously 
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2 0.5 0 
be exceeded half the time. Newmark et al. (1972) presented equations representing the 
84-percentile spectral ordinates at damping levels up to 10% only. Newmark and Hall 
(1982) provided equations representing both the 50-percentile and 84-percentile spectral 
ordinates up to 20% damping, and these values are presented in Table 3.2. 
Table 3.2: Equations to obtain spectral ordinates, taken from Newmark and Hall (1982) 
Region 84-percentile ordinates 50-percentile ordinates 
Acceleration 4.38-1.041114 3.21-0.68114 
Velocity 3.38-0.67114 2.31-0.411114 
Displacement 2.73-0.451n4 1.82-0.271n4 
Note that the damping factor, 4, in the equations, is a percentage of the critical value. 
The scaling factor was then simply found from the ratio of the displacement spectral 
ordinates at 4% damping, where 4% represents damping greater than 5%, divided by 
those at 5% damping: 
SDg%)  
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= SD(5%) 
(3.2) 
The mean value scale factors derived from Table 3.3 and Equation (3.2) are presented in 
Figure 3.6. 
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Figure 3.6: Mean spectral ratios proposed by Newmark and Hall (1973, 1982) 
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This method of obtaining spectral reduction factors is the earliest and best known and 
the values for lower damping ratios are adopted by the following US design codes: 
• NEHRP-97, NEHRP-2003, (FEMA, 1997, 2003) 
• UBC-97, IBC-2000, (ICBO, 1997, 2000) 
• FEMA-356 (FEMA, 2000), previously FEMA-273 
• ATC-40 (ATC, 1996) 
• SEAOC Blue Book (SEAOC, 1999) 
The value of the scale factors could have been affected in the following ways: the 
dataset employed contains a limited number of earthquakes recorded from 1940-1973 
and these were likely to have been subject to severe processing techniques. It was noted 
that little or no adjustments were required up to 2.5s, but it is the resulting spectra at 
longer periods that are of interest. 
In terms of the grouping of spectra, the average of the dataset was found from a range of 
PGA of 0.036-1.25g. Note that there are three earthquakes where the PGA is less than 
0.07g. This is too low to cause structural damage; the limit on PGA should be nearer to 
0.2g, as indicated by magnitude-distance curves that separate damaging and non-
damaging earthquakes (Bommer and Martinez-Pereira, 2000). This average response 
spectrum also removed any influence of source-to-site distance and site class. However, 
in the recommendations, the authors stated that for sites that appear to be significantly 
responsive to ground motion components with periods greater than 0.5s, the spectra will 
require modifications at longer periods. 
The authors advised on the selection of the 84-percentile values of the spectral 
ordinates, however with reference to Section 3.1, the median results are adopted for the 
analysis in Section 3.4. 
Kawashima and Aizawa (1986) 
The strong-motion dataset for this study contained 206 records (103 sets of two-
component, horizontal records) from 43 free-field sites in Japan, gathered from January 
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1966 to June 1978. Records that were excluded were those from the basement or first 
floor of structures. The magnitude range is 5 to 8 and the distance from the source 
ranges from 5 to 350 km, with the focal depth of events limited to 60 km. Kawashima 
and Aizawa defined Equation (3.3) to modify earthquake response spectra when subject 
to various damping levels, up to 50% of critical. 
SA(,T)  
li(,T)= SA(0.05, T) 
Where SA(4, T) represents the absolute acceleration response at various damping values 
and SA(0.05, T) is the absolute acceleration of the 5% spectra. Note from Section 3.1 
that absolute spectral acceleration ordinates showed increased period dependence 
compared to pseudo acceleration response (Lin and Chang, 2003). Therefore, these 
results should not be compared with the spectral ratios of other papers, which are 
derived from pseudo spectra. 
The authors derived Equation (3.4) as the damping reduction factor, 77, for damping 
values of 0%, 2%, 10% and 40%, at 10 discrete periods. The second term of the 
equation is period dependent. 
7-7(T,)= 	1.5  ( +0.5)x {SA(T ,0.05)I PG430ig 0.84) 
4(g+1 
Following further analysis, the authors suggested that the second term of the equation 
should be disregarded to simplify the equation and this assumes that the second term 
takes a value of 1, which results in Equation (3.5): 
1.5 ri( ,T)= 
40 +1 
+0.5 (3.5) 
This removes the influence of period from the equation. Figure 3.7 compares the 
spectral acceleration found using Equation (3.4) and Equation (3.5) with the spectral 
acceleration obtained using an exact method, the absolute acceleration response spectra 
SA(T,h) were calculated directly from the records. 
(3.3) 
(3.4) 
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Figure 3.7: Comparison of acceleration response spectra, using Equations (3.4), represented by 
the dashed line and (3.5), represented by the dash-dot-dash line with the results obtained from 
the exact method (solid line), taken from Kawashima and Aizawa (1986). 
The results showed that by including the second term, accuracy was improved; 
however, the difference was described as slight. Equation (3.5) was adopted by Caltrans 
design guide (2001) for bridges at damping values of 10% only. It can be seen from 
Figure 3.7 that the 10%-damped curves are almost identical for all three conditions, 
with the dot-dash line representing Equation (3.5). 
The main drawback to this work was that the absolute acceleration was used; hence the 
spectral ratios are not compatible with displacement spectra. In terms of the grouping of 
spectra, the average spectral response was obtained from a magnitude range of 5-8. 
There was no information regarding the site class of the 206 earthquake records, 
although this feature will affect the response spectra, as indicated in Chapter 2. The 
distance range of up to 350 km is excessive; many records will not have an effect on 
structures at distances greater than approximately 100 km, a limit adopted by Bommer 
et al. (2000). 
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Ashour (1987) 
This work used a dataset of 15 accelerograms; there were three real and 12 synthetic 
earthquake records, obtained using SMSIM (Boore, 2003), and details are provided in 
Tables 3.3 and 3.4. 
The author proposed to establish a relationship between the displacement response and 
the damping. The response spectra were normalised to the maximum value of 
displacement, for easier comparisons. Ashour acknowledged the difficulty in making 
conclusions for all 15 records, as each earthquake has different characteristics but 
stated: 
`the average of the ensemble of the 15 accelerograms can be taken as a design 
spectra...' 
(Ashour, 1987). 
Table 3.3: Accelerograms from real earthquakes and artificial records (C1-B2), from the 
Californian Institute of Technology (CALTECH) and one record from a private consultant 
(Ashour, 1987) 
Earthquake Year Comp. Notes 
El Centro 1940 NS Almost uniform velocity spectrum over wide range of 
natural periods 
Taft 1952 N69W Spectrum peaks in the short period range (0.5-1s) 
Alameda Pk 1962 N 1 OW Spectrum peaks in the long period range (2-3s) 
Cl Duration 12s, M5.5-6, close to epicentre similar to 1957 
San Francisco and 1935 Helena, Montana events 
C2 Similar to Cl 
D1 Duration 10s, shallow M4.5-5.5, close to epicentre 
B1 Duration 50s, M7, close to fault, similar to El Centro and 
Taft earthquakes 
B2 Similar to B1 
Gateway 
1969 
San Francisco Bay mud site 
An equation was then derived using this average spectrum with a term that accounts for 
the variability of the 15 earthquake records. This time-independent variable was 
represented by a in Equation (3.6) and defined an upper and lower bound limit on the 
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spectrum. Note that the damping factor, 4, in the equation, is a proportion of the critical 
value. 
Table 3.4: Artificial records from the University of Michigan, all are firm soil sites at moderate 
epicentral distances, (Ashour, 1987) 
Record name Distance (km) Magnitude PGA (g) Duration (s) 
X1 29.7 8.3 0.3 30 
X2 19.8 7.628 0.4 20 
X3 31.9 9.1 0.5 40 
X4 16.0 6.93 0.35 15 
X5 29.0 7.28 0.3 30 
X6 25.7 8.57 0.5 30 
1 = e-"5a ) 
The value of a is equal to 18 for the upper bound of scaling factor q and 65 for the 
lower bound. This equation was adopted by UBC-94 (ICBO, 1994) and NEHRP-94 
(FEMA, 1994) where a value of 18 was selected for a. These two codes are not 
investigated further as they have now been superseded by more than two documents. 
Damping values of 0, 2, 5, 10, 20, 30, 50, 75, 100, 125 and 150% were considered in 
this study, as well as periods from 0.3 to 3s. Figure 3.8 shows the scale factor for 
damping values of 10-50%. 
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Figure 3.8: Damping reduction factor using Equation (3.6) with a equal to 18 
110.05(1 — 	) (3.6) 
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The author stated that no effect of the filtering was observed up to 3s, which is 
fortuitous as the spectral ratios were defined up to 3s only. The filter cut-off frequency 
was 0.07Hz (14.3s). The process of averaging the dataset removed any influence of 
seismological parameters. The range of magnitude was 4.5-9.1 and there was a bias in 
the dataset as the 12 artificial records were at an intermediate source-to-site distance of 
20-32 km. In addition, 14 of the records were on firm soil. There was no information 
provided on the selection criteria of intermediate values of a in equation (3.6). 
Wu and Hanson (1989) 
This statistical study focused on highly-damped inelastic spectra at damping values of 
10%, 20%, 30% and 50% of critical. The period range of the spectra was 0.1 to 10.0s 
and the range of ductility ratio, p, was 1 to 6. The dataset comprised 10 strong-motion 
records which were described as moderate-to-large events. There was one artificial 
record and it appeared to be included to represent a small earthquake with a low PGA. 
The dataset contained records with a range of magnitudes of 5.5-8.1, peak ground-
motion parameters, recording site properties, geographical locations and durations as 
shown by Table 3.5. 
Table 3.5: Details of the 10 records of the dataset used by Wu and Hanson (1989) 
Earthquake Site Year Mag. 
M, 
PGA 
(g) 
PGV 
(cm/s) 
PGD 
(cm) 
Duration 
(s) 
Chile Viria del mar 1985 7.8 0.216 24.94 11.15 120.0 
Imperial 
Valley 
El Centro 1940 6.7 0.314 38.33 19.08 29.4 
Lower Calif. El Centro 1934 6.5 0.160 20.90 4.19 90.3 
Mexico SCT building 
Mexico City 
1985 8.1 0.171 60.63 21.23 180.0 
Miyagi-ke-oki Tohoku Uni. 
Sendai 
1978 7.4 0.264 37.21 14.78 19.5 
Olympia Washington 
HWY test lab 
1949 7.1 0.315 23.93 9.45 30.3 
Parkfield Cholame 
Shando 
1966 5.6 0.237 10.80 4.39 26.2 
San Fernando Ventura Blvd. 
Los Angeles 
1971 6.4 0.225 28.19 13.51 40.3 
Kern County Taft Lincoln 
school 
1952 7.2 0.157 19.25 9.50 30.0 
Cl-artificial 5.5-6 0.068 6.93 1.60 12.0 
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The pseudo acceleration, pseudo velocity and displacement spectra were found by 
plotting the relevant response of the elastoplastic SDOF system at each of the periods. 
Using the displacement spectra as an example, for any particular period and damping 
ratio, response with specific ductility ratios were calculated. This was carried out for all 
10 records and there was much dispersion amongst the results, which was reduced by 
normalising the spectra to PGD. Then the average of the 10 displacement spectra was 
plotted to highlight the effect of the ductility on the results (Figure 3.9). 
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Figure 3.9: Mean normalised spectra for damping ratio 30%, normalised to PGD (Wu and 
Hanson, 1989) 
This normalising of spectra was outlined in previous studies by Newmark et al. (1973) 
and Riddell and Newmark (1979) and showed that the average response spectrum is 
related to the ground-motion parameters, as shown by Equation (3.7): 
SD = TEPGD 	 (3.7) 
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Where spectral ordinates SD may be replaced by SV or SA and PGD may be replaced 
by PGV or PGA respectively; n is the elastic amplification factor. Simple 
rearrangement of Equation (3.7) produces Equation (3.8): 
SD/ PGD = 'PE 	 (3.8) 
Therefore normalising the spectral ordinates with the ground motion parameter will 
provide the elastic amplification factor. A curve fitting process was employed for the 
acceleration spectra normalised to peak ground acceleration as these results had the least 
scatter, leading to the functional form of Equation (3.9), applied to all three regions: 
iii(„ u)= pin(q)[rp — (r —1)r 	 (3.9) 
Where Vis the amplification factor and p, q, r and s are constants, which take different 
values in each of the three spectral regions. The term in the square bracket is the 
deamplification factor, which was applied to the elastic response spectra in order to 
construct the inelastic yield spectra, and importantly, is independent of the damping 
ratio. The maximum value of this term is 1 for the elastic case and it reduces as the 
ductility increases. 
For the purpose of this work, which looks at the scaling of elastic spectra, the ductility 
value is set equal to 1, and the actual damping reduction factor 77 is defined by Equation 
(3.10). Equations (3.11-3.15) allow the calculation of the spectral ordinates; there are 
two equations for the constant acceleration region, two for the constant displacement 
region and one for the constant velocity region. When obtaining the scaling factors at a 
period of 6s for the analysis in Section 3.4, linear interpolation is employed between the 
values of 3s and 10s. 
VE(,T) 
11 = VE = 5%, T) 
(3.10) 
Where: 
vE = —0.3491n(0.0959) 
	
for T=0.1s 	 (3.11) 
viE = —0.5471n(0.417) 
	
for T=0.5s (3.12) 
vE = —0.4711n(0.524) 
	
for 0.5<T<3.0s 	 (3.13) 
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WE = —0.4781n(0.475) 	for T=3.0s 	 (3.14) 
W E = —0.2911n(0.04734) 	for T=10.0s (3.15) 
The spectral ratios across the period range 0-6s are presented in Figure 3.10. 
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Figure 3.10: Results of Wu and Hanson using equation (3.10), taken from Lin et al. (2005) 
The authors noted that the effect of damping is greater at intermediate periods (from 0.5 
to 3s) compared to that at very short and very long periods. This difference was 
quantified by stating that an increase in damping from 10% to 30% caused a reduction 
of spectral ordinates of only 22% at periods of 0.1 and 10.0s, compared to 35% at 
intermediate periods. 
There was no processing information for the 10 records of the dataset. In terms of the 
grouping of spectra, the average response of 10 records was derived from a magnitude 
range of 5.5-8.1. There was no information on the source-to-site distance or the site 
conditions. In fact the authors concluded that they did not attempt to characterise the 
records in terms of site class or other important factors that may influence the response 
spectra. This casts some doubt on the applicability of Equation (3.10). 
Tons and Faccioli (1999) 
The authors undertook this study to highlight the necessary changes to be made to the 
current design codes, to account for the new requirements of displacement-based 
design, especially those associated with long-period spectral ordinates. They chose to 
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assess the original draft of EC8 (CEN, 1994) by using recent attenuation equations 
(Ambraseys et al., 1996; Sabetta and Pugliese, 1996), derived from European data, as 
well as a number of additional European strong-motion records. 
Their results showed that the control period, TD, that marks the start of the constant 
displacement plateau, should be reduced to 2s instead of the 3s period first advised for 
EC8 (CEN, 1994). The EC8 spectrum was found to be very conservative, for example, 
predicting a maximum displacement twice that found from the attenuation equations. 
This indicated that perhaps the scaling factors of EC8 (CEN, 1994) were not derived 
using the non-conservative 84-percentile results, as first suggested in Section 3.1. 
The long-period spectral ordinates were investigated using recordings from the 1995 
M,(6.9) Hyogo-ken Nanbu (Kobe) earthquake, which are digital and of the highest 
quality. Many Japanese organisations have their own digital recordings and the authors 
had access to a number of them. The first set of records to be removed from the data 
pool were those from sites experiencing liquefaction. However one record that was 
included was obtained from an instrument situated at a depth of 16m in a clay layer, 
below surface fill that suffered liquefaction. It should be noted that Newmark and Hall 
(1982) considered it a complex process to directly relate surface motions to motions 
beneath the surface. In addition, a number of clipped records from one site were 
removed, as well as accelerograms obtained at a fault distance greater than about 35km 
and from stations located within or under buildings. The site classification scheme 
employed was that of EC8, based on the shear-wave velocity, Vs30, at a depth of 30m. 
The final selected dataset can be seen in Table 3.6. 
These digital instruments all measured acceleration response except for one, which 
measured velocity, and all instruments had pre-event memory, except for one. The 
recordings contained a high signal-to-noise ratio (greater than 100) in the period range 1 
to 10s. A Butterworth high-pass filter was used to process the recordings and the 
velocity time histories were baseline corrected to produce better displacement time 
histories. There were 4 near-fault records (at a distance of less than 4km to the fault) 
and the remaining 12 records were at intermediate distances of 20 to 35km. The average 
displacement spectra were found for both sets of records, for damping values from 2% 
to 50%. All spectra converged to PGD at a period of lOs (Figure 3.11). 
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The authors introduced a new control period, TE, at the start of the convergence to PGD. 
It was advised that this new control period is dependent on the site class; for the Kobe 
data this would occur at a period of 6s for soft soil. The authors also made the 
suggestion that the control period TD could be made to depend on magnitude. This idea 
was developed by Faccioli in 2004 (Faccioli et al., 2004). These results also confirmed 
that the control period at the start of the constant displacement plateau should be around 
2s rather than the 3s, first specified by EC8 (CEN, 1994). 
Table 3.6: Details of the final dataset of records from the 1995 Kobe earthquake used in the 
study of Tolis and Faccioli (1999) 
Site ref. Site class Epic. Dist. 
(km) 
Clos. Dist. 
(km) 
Max Accel. 
(cm/s2) 
Max. Displ. 
(cm) 
FUK B 22.6 1.0 609 831 12.8 48.3 
JMA C 19.0 0.7 619 821 18.9 20.4 
KPI(-16m) C 17.0 3.5 540 563 24.1 31.5 
SKH B 27.1 0.1 595 521 15.9 21.3 
FKS C 44.0 20.6 211 179 18.3 15.0 
ABN B 47.3 26.8 220 213 7.2 8.4 
SKI C 42.9 26.9 124 149 7.1 11.0 
MRG C 52.7 29.5 125 210 8.7 12.0 
TDO C 39.7 30.3 190 290 8.1 7.5 
YAE C 56.3 34.0 144 154 9.5 9.3 
PWRI 18 C* 41.6 21.7 203 221 8.6 8.0 
PWRI 26 C 44.7 24.5 138 119 4.0 3.1 
PWRI 28 C 27.2 25.8 143 211 1.4 1.5 
PWRI 38 C* 39.0 34.8 168 107 7.6 11.2 
PWRI 42 C* 39.0 34.8 145 135 12.2 5.5 
PWRI 47 C* 47.0 19.0 422 417 9.9 13.3 
Notes: * Artificial fill areas with very soft soil. The closest site-to-fault distance is estimated by 
approximating the different fault segments as a single fault line of 40km length using the Toki 
et al. (1995) method. The maximum acceleration and maximum displacement are shown for the 
two horizontal components. 
This study proposed the following scaling factor (Equation 3.16) for values of damping 
ranging from 5-50%. This new factor caused less reduction of the spectral ordinates at 
higher values of damping in comparison with the original draft of EC8 (CEN, 1994). 
However, it was suggested that the EC8 (CEN, 1994) factor should be used for values 
of damping less than 2%. 
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Figure 3.11: Tendency to PGD for near-fault and intermediate-distance records from the study 
by Tolis and Faccioli (1999) 
This work found general agreement between the EC8 (CEN, 1994) displacement spectra 
and the results using the Kobe records up to a period of about 1.5s. The authors 
considered that the EC8 (CEN, 1994) value of control period TD was significantly 
overestimated at 3s, as the Kobe data defined this control period at 2s (Figure 3.12). 
Figure 3.12: Comparison between the Kobe and EC8 (CEN, 1994) data, with all curves 
normalised to the corresponding peak ground displacement. Note that the EC8 (CEN, 1994) 
curve for the near-fault data (left) is for stiff soil sites and the EC8 (CEN, 1994) curve for 
intermediate distances is for soft soil sites (Tolis and Faccioli, 1999) 
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Tolis and Faccioli (1999) suggested modifications to EC8; these were based partly on 
the European attenuation equations (Figure 3.13) and a few results from European 
strong-motion records but largely on the Kobe data. 
Figure 3.13: Comparison between the displacement spectra of EC8 (CEN, 1994) and attenuation 
equations of Ambraseys et al. (1996), labelled ASB96 and Sabetta and Pugliese (1996), labelled 
SP96. The figure on the left investigates the influence of magnitude and the figure on the right 
investigates source-to-site distance. All spectra are anchored to a maximum acceleration of 
1m/s2 for a stiff soil site (Tolis and Faccioli, 1999) 
It is however questionable whether the control period TD of EC8 (CEN, 1994) should 
have been reduced to 2s as it was based (mostly) on the data of a single earthquake 
(Kobe). As previously noted, NEHRP-2003 (FEMA, 2003), defines TD as ranging from 
4-16s, depending on the magnitude of the event. Therefore, although Kobe was a 
relatively large earthquake of magnitude Mw6.9, it was also a bi-lateral rupture; this 
means that the duration of shaking was half that of a unilateral rupture (at sites close to 
the rupture) and the magnitude may be considered to reduce to Mw6 at these sites. 
The scaling factor of Equation (3.16) was mainly derived for the single Mw6.9 Kobe 
earthquake. The authors did suggest the use of European digital data, when it becomes 
widely available, to make their study more complete. The average response spectra were 
found for near-fault and intermediate distance records and the majority of the records 
were from soft soil sites. 
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An interesting point to note is the authors tried to model the convergence to PGD at lOs 
for both near-fault and intermediate-distance records. As shown by the right graph of 
Figure 3.10, this convergence was premature for the intermediate-distance records; the 
results strongly indicated a tendency to PGD at 15-20s. The significance of this is that 
the scaling factors were derived from the spectral displacement ordinates, and so will 
reflect any discrepancies in the ordinates. At a period of 7s for example, if the idealised 
spectral shape tends to PGD at 15-20s, rather than the 1 Os shown, the slope of the line 
drawn to PGD will become shallower. Therefore the spectral ordinates will be larger 
and may affect the value of the scale factor. 
Bommer et al. (2000) 
This paper was presented at the 12th World Conference of Earthquake Engineering and 
the damping reduction factor provided is now the adopted scaling factor for EC8 (CEN, 
2004). The factor was derived from the results obtained from ground-motion prediction 
equations, which were specifically designed to predict displacement response spectra 
for direct displacement-based design. 
Details of the dataset, used to develop the attenuation relationships, can be found in 
Bommer and Elnashai (1999). This was the same dataset used by Ambraseys et al. 
(1996), with 422 triaxial accelerograms resulting from 157 shallow earthquakes, 
although Bommer et al. (2000) used lower magnitudes of Ms5.5 and also added two 
records. The surface wave magnitude Ms was in the range 4.0-7.9. The source-to-site 
distance was defined as the shortest horizontal distance to the surface projection of the 
fault rupture; for most small magnitude events this is unknown and so the epicentral 
distance was used. The range of distance went up to 260km, though the majority of the 
records were at distances less than 100km. The site classification scheme adopted was 
that according to the average shear wave velocity, Vs30, over the upper 30m of ground, 
as described by Boore et al. (1993): 
• V530 > 750m/s Rock (R) 
• Vs30 = 360-750m/s Stiff soil (A) 
• VS30 < 360m/s Soft soil (S) 
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As small magnitude earthquakes cause little or no structural damage, events with a 
magnitude less than Ms(5.5) were removed from the dataset as well as records that had 
already been processed by other agencies. The final dataset consisted of 183 records 
from 43 shallow events. The proportion of records obtained from sites of rock, stiff soil 
and soft soil was 25:51:24. All the records were processed and generally gave reliable 
results up to a period of 3s. The damping reduction factor derived from the 
displacement spectra obtained from attenuation equations is shown by Equation (3.17) 
and is valid from 5-30%: 
11 = 10 
rl  5+ 
(3.17) 
This equation applies at the start of the constant plateau of the acceleration spectra to 
the end of the constant plateau of the displacement spectra. The values obtained from 
this factor are greater than the old equation of EC8 (CEN, 1994) and lower than those of 
Tolis and Faccioli (1999). 
The scale factors may be affected by the processing of the records, which could only 
provide reliable results up to a period of 3s, as is acknowledged by the authors. It should 
be noted that the scale factor was derived up to 3s but is extrapolated to 6s. The records 
were baseline corrected and each record was individually filtered. A low cut-off 
frequency of 0.1Hz was applied and increased until the displacement time history 
looked reasonable and little improvement resulted from further reduction. The usable 
period range adopted was taken as 0.1s less than the cut-off period but, as indicated in 
Chapter 2, could result in reduced long-period spectral ordinates. 
The authors made assumptions in order to extrapolate for the longer period spectral 
ordinates, the assumptions were related to the fact that spectra at all damping levels 
converge to the value of PGD. Observation of the few records filtered at longer cut-offs 
suggested that the spectra would converge to PGD at periods of 8-9s, even for a large 
magnitude event recorded on a soft soil. It was then assumed that spectra representing 
smaller events, recorded on stiffer sites would converge to PGD at 5-6s. As the authors 
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concluded, further studies are required with better quality strong-motion records to 
support these assumptions. 
Ramirez et al. (2000) 
This was a statistical study that observed 20 horizontal components from 10 US 
earthquakes. There were some limitations imposed on the dataset in terms of the 
selection of records with magnitudes only greater than 6.5, source-to-site distances of 
10-20km to exclude near-fault records and only stiff soil sites. Table 3.7 provides 
details of the 10 accelerograms. 
These records were scaled to a target spectrum from NEHRP-2000 (FEMA, 2000), with 
a PGA of 0.4g. The authors stated that the scaling process preserves the frequency 
content of the records while ensuring an equal contribution of the records to the average 
pseudo acceleration response spectrum. 
Table 3.7: Details of the 10 accelerograms used for the study by Ramirez et al. (2000) 
Earthquake Year 	' Magnitude 
M, 
Station Components Scale 
factor 
Washington 1949 6.7 325(USGS) NO4W, N86E 2.74 
Eureka 1954 6.5 022(USGS) N11W, N79E 1.74 
San Fernando 1971 6.61 241(USGS) NOOW, S9OW 1.96 
San Fernando 1971 6.61 458(USGS) SOOW, S9OW 2.22 
Loma Prieta 1989 6.93 Gilroy 2 90, 0 1.46 
Loma Prieta 1989 6.93 Hollister 90, 0 1.07 
Landers 1992 7.28 Yermo 360, 270 1,28 
Landers 1992 7.28 Joshua 90, 0 1.48 
Northridge 1994 6.69 Moorpark 180, 90 2.61 
Northridge 1994 6.69 Century 90, 360 2.27 
The average spectral response of the 20 records was found for damping up to 100% and 
the spectral ratio curves were plotted. A best fit approximation provided values of the 
scaling factor at each damping value. These scaling factors were compared with those 
specified in FEMA-273 (FEMA, 1997), which is now superseded by FEMA-356 
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(FEMA, 2000), and it was found that conservative values of these scaling factors 
compared well with FEMA-273, and were therefore recommended. 
Ramirez et al. (2000) provided two sets of damping reduction factors, one at a period 
equal to 0.2T, which is in the acceleration region of the response spectrum, and another 
at a period of T„ where Ts is the period where the constant acceleration region intersects 
the constant velocity region (Figure 3.14). 
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Figure 3.14: Scaling factor results, with respect to 5% damping (Ramirez et al., 2000) 
The authors commented that simplified values of their scaling factors were used by 
NEHRP-2000 (FEMA, 2000). The simplification relates to spectral ratios at very short 
periods. 
The value of the scale factor could have been affected by the initial scaling of all the 
records, to match the target NEHRP-2000 (FEMA, 2000) spectrum, with a PGA of 
0.4g. The implications are that the scale factor derived only applies to this particular 
target spectrum. Pseudo acceleration was used up to 100% damping but this is not an 
accurate representation of the spectral acceleration ordinates, as pseudo acceleration is 
limited to a damping value of only 20%. 
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Lam et al. (2001) 
This paper was focused on the behaviour of soil during an earthquake and presented a 
simple building frame analogy for a soil column with horizontal layers. The dynamic 
response behaviour of a moment-resisting frame modelled the expected response of the 
soil column, when exposed to earthquake excitations from bedrock. The authors stated 
that as this method requires few data for verification and calibration, this model could 
be applied to areas subjected to events of low-to-moderate magnitude, where earthquake 
records are limited or accurate only to a period of 2 or 3s. The model was then shown to 
be capable of predicting the response spectral displacement (and pseudo spectral 
velocity) and was compared with results obtained from the computer program SHAKE, 
(Schnabel et al., 1972), as well as that obtained from two real records, all of which were 
found to be in good agreement. 
The soil damping depends on the hysteretic properties of the soil layers as well as the 
amplitude of the shear deformation; an equation to find the shear strain was derived, 
which can be used to determine soil damping. In defining the damping reduction 
factors, time-history analyses of SDOF systems possessing variable damping ratios 
were used. 
Two scaling factors were found, one for double resonance and the other for single 
resonance. It is appropriate at this stage to define Tg as the fundamental natural period 
of the site. Double resonance arises when the soil column is in resonance with the input 
bedrock excitation as well as the superstructure, possessing a natural period close to Tg. 
The scaling factor for the double resonance case is shown by Equation (3.18): 
11 = 11 7  j + 2 (3.18) 
The authors of the paper themselves made a very interesting analogy when they stated 
that the results from Equation (3.18) were in general agreement with the Newmark and 
Hall (1982) scale factors. This casts new light on the derivation of the old EC8 (CEN, 
1994) scaling factor, as it is identical to the equation above. This is further evidenced by 
Bommer et al. (2000) in their study of the linear relationship between PGA and PGD in 
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which the coefficient, a, used to multiply PGA in order to obtain PGD, was found to be 
the same for both the intermediate soil class of the old EC8 (CEN, 1994) and the value 
from Newmark and Hall (1969). 
It is important to note that these damping reduction factors were found using the 
velocity response; however, they were compared favourably to the Newmark and Hall 
(1982) scale factors for the acceleration region. This inconsistency was fortuitous as it 
led to the realisation of the possible history behind EC8 (CEN, 1994). There is still one 
area of concern as the EC8 (CEN, 1994) equation is limited to a value of 0.7 which 
corresponds to a damping value of just 12.3%; this does not tie in with the theory that 
Equation (3.18) is derived from Newmark and Hall, which has a limit of 20% damping. 
A possible explanation is that those working with the EC8 (CEN,1994) factor found less 
correlation at higher damping values with the particular earthquake records that were 
used and thought it wise to set the limit of 12.3%. 
Single resonance arises when the soil column is in resonance with the superstructure 
only. The scaling factor for the single resonance case is shown by Equation (3.19) 
= 
5 	 (3.19) 
where yvaries between 3 and 4. It appears that the cube root should be adopted when Tg 
is equal to low periods such as 0.5s and the quad root should be used when Tg is equal 
to 1 s. As equation (3.18) is identical to EC8 (CEN, 1994), it is not represented in the 
analysis in Section 3.4, adopting Equation (3.19) as the Lam et al. (2001) scaling factor. 
This work was unusual as it did not conform to the common method of deriving spectral 
reduction factors from an average spectral shape, derived from a dataset of strong-
motion records. It used a model to predict the spectral displacement and the results were 
compared with SHAKE and two real accelerograms. However, no details were provided 
on this comparison. 
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Naeim and Kircher (2001) 
This was a statistical study of 1047 strong-motion records from 44 earthquakes, 
gathered over a period from 1933-1994, from the regions of North America, Alaska and 
the Hawaiian islands. The range of magnitude was 5-7.5 and the range of PGA was 
0.05g-1.6g. Events of magnitude only greater than 5.0 and PGA greater than 0.05g were 
considered, as they are thought to cause structural damage. No near-fault records were 
included in the dataset. 
The authors specifically investigated the period-dependence of damping reduction 
factors and their results were compared to the work of Newmark and Hall (1982). 
The study used pseudo spectral acceleration response for damping values of 2, 5, 10 and 
20% of critical. The spectral ordinates were calculated at periods: 0.1, 0.3, 0.5, 0.75, 1, 
1.5, 2, 3 and 4s. Post-1987 ordinates were obtained from Volume 3 processed files 
supplied by the California division of Mines and Geology and pre-1987 ordinates were 
calculated using BAP software (Converse et al., 1993) using the time histories 
processed elsewhere (Naeim and Anderson, 1996). 
The results were presented as scatter graphs and linear regression was performed to 
obtain the line of best fit. The large scatter was noted as each value of spectral ratio was 
plotted for the 1047 records, at each selected period. The authors suggested that the 
period-dependence was very weak across the whole period spectrum. This is illustrated 
in Figures 3.15 and 3.16, which indicate the very low gradient coefficient of the line of 
best fit equation provided above each figure. 
The authors suggested that separate damping reduction factors are not necessary for the 
acceleration and velocity domains of response spectra, although they acknowledge that 
there was an increase in damping reduction with decreasing period. They compared 
their results to Newmark and Hall (1982) and the values are shown in Table 3.8. 
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Table 3.8: Comparison of damping reduction factors for statistical study by Newmark and Hall 
(1982) 
Damping value Statistical study, value at 2s Newmark and Hall 
10% 0.81 A:0.77 V:0.83 D:0.86 
20% 0.617 A:0.55 V:0.65 D:0.73 
Where A is the acceleration region, V is the velocity region and D is the displacement region 
As noted in section 3.1, there is a very important boundary condition where the spectral 
ratio should tend to a value of 1.0 at the period of Os. It can be clearly seen, as the 
results were plotted to -0.5s (which is unusual in itself) that the spectral ratio does not 
equal 1 at a period of Os. In addition, contrary to the results of Newmark and Hall 
(1982) and the other papers reviewed thus far, the authors found the scale factor to be 
constant across the entire period range. There is some period dependence visible from 
their results but the authors chose to neglect this. 
y = 1.262-0.016'x 
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Figure 3.15: Damping adjustment factors for 10% damping (Naeim and Kircher, 2001) 
The records of the dataset were split into two groups, pre- and post-1987, and each 
group was processed differently. In terms of the grouping of data, the linear regression 
to define the scale factor for over 1000 records did not take into account the magnitude 
of the records, which varies from 5-7.5. There was no information provided on the 
96 
3.5 
	 45 
Am
pl
itu
de
  R
at
io
  (5
%
 to
  2
0%
 Da
m
pi
ng
)  
3.4 
2.6 
2.2 
1. 
1.4 
       
       
  
8 
0 
 
0 
  
      
  
  
  
  
      
0 
source-to-site distance or the site class of the records, although it was stated that there 
were no near-fault records. 
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Figure 3.16: Damping adjustment factors for 20% damping (Naeim and Kircher, 2001) 
The authors suggested that the results of their statistical study present different results to 
those obtained by Newmark and Hall (1982), due to the dataset, which is 20 times the 
size of that used by Newmark and Hall (1982). However the difference could also be 
due to a number of other possible reasons such as the processing of the records, the 
influence of the ground-motion characteristics and perhaps most importantly the 
treatment of the large scatter of the results. The regression of the data is a single line, 
which as previously mentioned, does not satisfy the basic boundary conditions. 
The PGA value was limited by 0.05g as the threshold of damage, this is considered to 
be too low to cause damage as a value closer to 0.2g is adopted by this thesis, based on 
magnitude-distance curves as previously mentioned. 
Lin and Chang (2003) 
This is the first study that did not have a scaling factor which is applied to the constant 
plateau of acceleration, velocity or displacement, as the results indicated that the 
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damping reduction factors are period dependent across the whole of the relevant period 
spectrum. This was a statistical study of over 1000 records The authors provided a table 
of the spectral ratio at various damping values up to 50% and for periods from 0.1s to 
10s. They provided median and median-plus- 1 -standard deviation damping reduction 
factors for displacement, velocity and acceleration response. The 84-percentile results 
did not appear to be as period dependent as the 50-percentile results. A sample of the 
results is shown in Figure 3.17. They are compared to the EC8 (CEN, 2004) results as 
the scale factors are constant over a certain period range and serve to show the extent of 
the period dependence of the Lin and Chang results. 
The information in this paper ends here but this work is further developed by the 
presentation of an equation to model the scaling factor across the whole period range 
and details regarding this, and the 1000 records of the same dataset, are to be found in 
Lin and Chang (2004). 
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Figure 3.17: Graph (a) compares the ratios of EC8 (CEN, 2004) with the 50-percentile results of 
Lin and Chang (2003) and graph (b) compares the ratios of EC8 (CEN, 1994) with the 84-
percentile results of Lin and Chang (2003). 
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Lin and Chang (2004) 
This work concentrated on the effect of site class on the damping reduction factors and 
used a statistical approach with a dataset of over 1,000 acceleration time histories, all 
recorded in the US. These records were downloaded from the database of the Pacific 
Earthquake Engineering Research (PEER) Centre. The geological and geotechnical 
information was vital for classification of the site, according to the NEHRP-2000 
(FEMA, 2000) provisions. The records were divided into three groups: 
• Rock with an average shear wave velocity greater than 760m/s (NEHRP class A 
and B): 94 records 
• Very dense soil or soft rock with an average shear wave velocity between 360 
and 760m/s (NEHRP class C): 385 records 
• Stiff soil with an average shear wave velocity from 180 to 360m/s (NEHRP 
class D): 558 records 
The range of magnitude Ms was 5.4-7.4 and the distance from the source was limited to 
180 km; note that all the records had a value of PGA greater than 0.025g. The damping 
values ranged from 2% to 50% and the range of period considered was 0-6s. 
The authors referred to their 2003 study in which criticisms were directed at force-based 
design procedures that use damping reduction factors derived from displacement 
spectra. Therefore in their paper, damping reduction factors were derived from both the 
pseudo acceleration spectra (equivalent to displacement spectra) and the absolute 
acceleration spectra. 
The results of the mean spectral ratios, derived from displacement spectra, are shown in 
Figure 3.18. The values of the spectral ratios for site class C were slightly higher than 
for the other two site classes. 
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Figure 3.18: Spectral ratios for three site classes AB, C and D, taken from Lin and Chang 
(2004) 
The results were then normalised by the mean damping reduction factor of all three site 
classes. At lower values of damping the difference between the three site classes was 
very mall (less than 5%) but at higher values of, say, 50% damping, the difference 
between the three sites was marked, at approximately 10%, as shown in Figure 3.19. 
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Figure 3.19: Normalised spectral ratios at 50% damping (normalised to the spectral ratios for all 
soil types), to observe the influence of site class, taken from Lin and Chang (2004) 
The authors suggested this site class influence could be neglected in design. The curves, 
before normalisation, showed some period dependence but this disappeared when 
normalised by the mean damping factor for all three site classes; this was due to the 
same period dependence being cancelled out. 
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The same procedure was carried out for the absolute acceleration; unlike the first set of 
results, there was increased site-class dependence at higher values of damping. The 
ratios for site class C were again slightly higher than those for the other two site classes. 
The period dependence of the spectral ratios was more pronounced in this second case, 
as expected. The spectral ratios were normalised in the same way as before and the 
differences between site classes were as high as 19%. In this case, the authors suggested 
neglecting the effect of site class up to a damping value of 20% only, where the 
difference was less than 10%. 
Based on these results, an equation was derived for obtaining the damping reduction 
factor for pseudo acceleration response and absolute acceleration response. The 
equation was derived using non-linear regression analysis. As this literature review is 
concerned with pseudo acceleration as opposed to absolute acceleration spectra, only 
this equation is provided: 
i=1 aT
b (3.20) 
(T +1)C 
Where a, b and c depend on the site conditions and the damping coefficient, as 
presented Table 3.9. 
Table 3.9: Values of coefficients a, b and c for Equation (3.20) with the damping factor 4 as a 
proportion of critical damping, taken from Lin and Chang (2004) 
NEHRP site class a b c 
AB 1.163 + 0.38851n() 0.229 0.505 
C 1.4532 + 0.48721n() 0.354 0.810 
D 1.3243 + 0.44261n() 0.311 0.664 
All 1.303+0.4361n(4) 0.30 0.650 
The mean results were compared to the results of the linear regression and are presented 
in Figure 3.20. 
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Figure 3.20: Comparison of spectral ratios of mean values of data and results of non-linear 
regression analyses for various site classes (Lin and Chang, 2004) 
The dataset of over 1000 records is undoubtedly large and can be truly beneficial in 
terms of validating results, but it has its drawbacks, if not treated carefully. As 
highlighted in the introduction, the 1000 records will have many variations in spectral 
shapes that are grouped together in the averaging process. This may have affected the 
period-dependence of the scaling factor. This hypothesis is investigated in Section 4.1 
of Chapter 4. With reference to Figure 3.20, the actual spectral ratios appear to be 
approximately constant over the period range 3-6s, although the regression curve 
indicates an apparently higher degree of period dependence. 
The authors stated that if an error of 5% or 10% for structural design can be tolerated 
then the effect of site class should be ignored. This is questionable as an influence of 
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site class on the scaling factors has been found and so should be adopted for safe, 
economical design. 
Guan et al. (2004) 
The work presented in this paper consisted of two parts, to develop a systematic ground 
motion data processing procedure and to define damping reduction factors using more 
than 500 strong-motion records. The authors recognised the need for displacement 
spectra defined at longer response periods for displacement-based design and for this 
reason used digital data. The 541 records were from two seismic research agencies, the 
National Strong-motion Program (2002) of the US Geological Survey (USGS) and 
Kyoshin Net (2002), K-NET, of Japan. Two additional records were also used in an 
attempt to broaden the dataset, the 1988 Saguenay earthquake and the 1997 Chile 
earthquake. Table 3.10 lists the earthquakes of the dataset. 
An adaptive method was used to obtain the cut-off frequency for each record. Baseline 
correction was first applied to the velocity time history to remove the drift of the 
displacement response and keep the initial value of displacement equal to zero. It was 
considered an effective way to retrieve the period at which the spectral displacement 
converges to PGD. This knowledge allowed the implementation of the adaptive 
algorithm, which defines a filter setting for the raw acceleration time history. 
The records of the dataset were divided into three groups, depending on the value of the 
ratios A/V and V/D. These ratios are simple parameters to classify the ground motion, 
as they provide information on the relative frequency content of ground motions. The 
authors stated that a higher value of A/V is representative of larger earthquake motions 
from small epicentral distances but this is questionable as it signifies an earthquake with 
a large acceleration and a small velocity . Also lower AN ratios are expected from 
motions on a soft soil site compared to those on stiff soil. The ratio V/D should 
theoretically show the same tendencies as the ratio A/V. The authors actually found 
poor correlation between A/V and V/D, hence presented the spectral ratios for both 
classifications, as well as an average of the two. 
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Table 3.10: List of selected earthquakes used in the study by Guan et al. (2004) 
Earthquake Magnitude M, 
1989 Loma Prieta, CA 6.93 
1990 Upland, CA 5.63 
1991 Sierra Madre, CA 5.61 
1992 Joshua tree, CA 6.2 
1992 Petrolia/ Cape Mendocino, CA 7.2, 6.5, 6.6 
1992 Landers, CA 7.28 
1992 Big Bear, CA 6.46 
1994, Northridge, CA 6.69 
1996 Taneichi, Japan 4.4 
1997 Tsuchiura, Japan 4.3 
1997 Chile 6.8 
1998 San Juan Bautista, CA 5.2 
1998 Saguenay, Canada 5.7 
1999 Satsop, Washington 5.8 
1999 Hector Mine, CA 7.1 
1999 Owase, Japan 3.6 
2000 Yountville, CA 5.0 
2000 Offshore Eureka, CA 4.5 
2000 Markleeville, CA 4.5 
2000 Central Alaska 5.8 
2000, Big Bear City, CA 4.1 
2001, KAWAI, Japan 3.6 
2001 KAMIOKA, Japan 3.6 
2001 Shohkawa, Japan 3.6 
The displacement response spectra were derived and the search began for a suitable 
normalisation parameter that reduced the dispersion of results. This normalisation 
minimised the effect of magnitude of the original events in the dataset. After much 
investigation, the root mean square (rms) velocity was selected and all records were 
scaled to have an rms velocity equal to 1 cm/s. The spectra grouped by the A/V ratio, 
rather than the V/D ratio, were selected by this literature review for analysis in Section 
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(a) High AN Ratio Group 
3.4. Of this group, the spectra were divided again for high, intermediate and low values 
of A/V; the average of the high group of spectra is adopted for this work (Figure 3.21). 
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Figure 3.21: Mean and standard deviations of displacement response spectra for high A/V 
ratios. The upper graphs are the mean and the lower are the standard deviations (Guan et al., 
2004). 
The average displacement response was provided for up to 50% damping and the value 
of the spectral ratios are presented in Table 3.11. 
Table 3.11: Spectral ratios derived from the displacement response spectra, for high A/V (Guan 
et al., 2004) 
Period 10%/5% 15%/5% 20%/5% 30%/5% 50%/5% 
0.5 0.843 0.754 0.716 0.656 0.595 
3.0 0.869 0.796 0.763 0.705 0.635 
6.0 0.895 0.838 0.810 0.762 0.704 
The values of the scale factors could have been affected by the new processing 
technique, although the use of digital recordings would have a good signal-to-noise ratio 
and long usable period range, dependent on the filters they applied, of approximately 6s 
(as noted in Chapter 2). The records were divided into three groups, with the spectral 
ratios presented in Table 3.11, for the group of high A/V ratio. However, the dataset of 
26 earthquakes was biased towards moderate magnitude events with just one magnitude 
Mw7.28 event and 9 earthquakes below magnitude 5, with the remaining 14 earthquakes 
0.2 
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of magnitude 5-7.1. The nine earthquakes of magnitude less than 5 will not cause any 
structural damage. The measure of magnitude was also mixed, with values of Ms, ML 
and Mw provided. In addition, there was no information on the actual values of source-
to-site distance or the nature of the site class. 
Atkinson and Pierre (2004) 
This study used data solely from Eastern North America (ENA) to derive pseudo 
spectral acceleration at various damping levels; the authors stated that national seismic 
hazard maps for the US and Canada only provide this information for 5% damping. This 
work was concerned with specialist structures where the damping may be less than or 
greater than 5% of critical. These would include power-generating plants, dams, 
transmission and telecommunications facilities and construction that utilises damping 
devices. For example IEEE (1997), which provides design guidance for electrical 
installations, recommends a value of 2% damping unless a higher value can be justified 
by testing. 
The method of obtaining the spectral acceleration involved the use of the ground motion 
prediction equation of Atkinson and Boore (1995) for ENA, which is developed using 
the stochastic simulation method (Boore, 1983; Atkinson and Boore, 1995). The authors 
described this method as modelling the ground motion as band-limited Gaussian noise, 
with an underlying average amplitude spectrum that is given by a seismological model 
of the source and propagation characteristics. The seismological model and ground-
motion relations were then validated using regional seismographic recordings and other 
data including three earthquake records: Miramichi, 1982, Saguenay, 1988 and Mont 
Laurier, 1990. 
The acceleration spectra were then found at the selected damping values of 1%, 2%, 
3%, 7%, 10% and 15% using the ground motion prediction equation. The input data in 
terms of magnitude was first limited from 4 to 7.25 (moderate seismicity) and 
hypocentral distance ranged from 10 to 500km. It was stated that a hypocentral distance 
of 10km relates to the epicentre when directly above the earthquake focus, when the 
focal depth is 10km, therefore near-fault data were also considered in this study. This is 
questionable as the stochastic method is based on a point source and is unable to model 
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the effects of rupture directivity. The site class for ENA was firm ground, with an 
average shear wave velocity of 360-760m/s. These were the characteristics of the same 
dataset used for the formulation of the ground motion prediction equation of Atkinson 
and Boore (1995). 
The scaling factors were then derived from pseudo spectral acceleration (PSA) at 4% 
and 5% damping, using Equation (3.21). 
PSA(%) 
= PSA(5%) 
	 (3.21) 
where 4% is equal to the damping ratio for damping values up to 15% and 77 applies up 
to a period of 2s. The spectral ratios were then investigated for any dependence on 
magnitude and distance. The dependence was found to be weak except for damping 
values less than 5%, where there was a pronounced increase in the spectral ratio with an 
increase in distance; this was attributed to the duration of the ground motion. They also 
noted that the differences between response spectra for varying damping levels should 
be greatest for long-duration signals, as they have time to develop a stationary response 
and can fully realise the effect of damping. Atkinson and Pierre did not further mention 
the influence of magnitude or distance on the spectral ratios. 
The authors expressed the importance of generalising the results in order that they may 
be used for seismic hazard calculations, and the data was streamlined. The magnitudes 
and distances of the records selected for the new dataset should contribute to the seismic 
hazard at low probability levels of 2% in 50 years. As recommended by Adams and 
Halchuk (2003), the streamlined magnitude range was 5-7+ and the distances were 
limited to 150km. The spectral ratios found from the reduced dataset are provided in 
Table 3.12. 
Weak period dependence of the spectral ratios was noted by the authors, as shown in 
Figure 3.22. However, the period dependence seems to be quite pronounced. 
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Table 3.12: Spectral ratios with respect to 5%-damped spectral ordinates by Atkinson and Pierre 
(2004) 
Period 
(s) 
7% 10% 15% 
2.00 0.922 0.835 0.736 
1.25 0.908 0.810 0.701 
1.00 0.901 0.793 0.679 
0.77 0.894 0.777 0.657 
0.50 0.880 0.758 0.627 
0.31 0.872 0.743 0.614 
0.20 0.862 0.734 0.599 
0.13 0.860 0.729 0.597 
0.10 0.860 0.729 0.598 
0.08 0.860 0.729 0.600 
0.05 0.858 0.730 0.606 
Note that values for other periods may be obtained by linear interpolation of the 
mean ratio versus log frequency. 
Period (s) 
Figure 3.22: Spectral ratios for damping of 7%, 10% and 15%, from the work of Atkinson and 
Pierre (2004). 
There was no processing information for the dataset used, and in terms of the grouping 
of data, the average response was taken for a magnitude range of 5-7+, with a source-to-
site distance of 10-150km. There was just one site classification of firm ground and this 
removed one variable from the dataset, but these results can only be used for stiff soil 
sites. Period dependence of the scale factors was highlighted. 
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The real limitation to this work was that the spectral ratios were provided up to a period 
of 2s only, in addition, the damping values were considered up to 15% only. This limit 
on period meant that only the constant acceleration region and a significant part of the 
constant velocity region were considered. There was no information for the scaling 
factor for the constant displacement region. 
Malhotra (2006) 
This study covered horizontal and vertical ground motions and investigated the period 
range of the various segments of the smooth spectral shape, as defined by Newmark and 
Hall (1982), and also presented damping reduction factors. 
The dataset consisted of 63 ground motions,- of which 33 were recorded on rock sites 
and the remaining 30 were recorded on soil. The range of PGA was 0.03g-1.8g. The 
data was downloaded from the COSMOS website (1999-2005) and the strong-motion 
records had already been processed. The author checked the velocity and displacement 
time histories and found that for some of these, the response spectrum found from the 
acceleration time history will not show the correct asymptotic behaviour at long periods. 
The method in Malhotra (2001) was used to compute the response spectrum at short 
periods, using the processed acceleration time history, and at intermediate and long 
periods using the processed velocity and displacement time histories respectively. The 
spectrum tended towards PGA at short periods and PGD at long periods. 
In the next section of the paper on constructing smooth spectra using PGA, PGV and 
PGD to normalise spectral ordinates, the control periods were defined. These values 
were not absolute but relative to the 'central' period of ground motion. This central 
period, Tag, accounts for the frequency content varying significantly from one ground 
motion to another and is defined by Equation (3.22): 
T =27T PGD GA  (3.22) 
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Tag marks the boundary between the high-frequency and low-frequency regions of the 
response spectrum and further details may be found in Malhotra (2001). Note that the 
median spectral ordinates were used throughout the study. 
The damping reduction factors, fl, and /3/, were provided for two key control periods, 
the first marks the transition between the acceleration plateau and the velocity plateau 
and the second is for the spectral ordinates at 1 s period. The values of the damping 
reduction factors are presented in Table 3.13. 
Table 3.13: Damping adjustment factors A and A (Malhotra, 2006) 
Damping ratio (%) Os Pi 
5 1 1 
10 0.794 0.8 
20 0.613 0.6 
30 0.524 0.48 
These scale factors were compared to FEMA 356 (2000), which was adopted from 
Naeim and Kircher (2001), and found to be up to 22% different from the code values. 
This was actually the maximum difference between the scaling factors at the damping 
value of 30%. The scale factors for 10% damping were approximately 5% different to 
FEMA-356 and the scale factors for 20% damping were 10% different. Note that the 
FEMA-356 values were less than the 13, values and greater than the f3i values of Table 
3.13. 
The uniform processing of the records was carried out in accordance with Malhotra 
(2001). In relation to the grouping of spectra, there was no information regarding the 
magnitude or source-to-site distance of the records. The range of PGA included low 
values of 0.03g, which is too low to cause damage to structures. 
3.3 	Review of Existing Design Codes 
This review of each design code will be relatively brief as there is little information 
regarding the background to the scale factors, in terms of the dataset and the processing 
of the records. It has been acknowledged that the grouping of spectra is always carried 
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out at some level, in order to obtain representative average spectral shapes. The spectral 
ratios, and hence scale factors, would have been derived from the average response 
spectra, which rarely account for the influence of all seismological parameters. In 
addition, the spectral shape is influenced by the processing of the records, which will 
determine the usable period range. The scale factor presented in each code is compared 
in Section 3.4. 
A final note about design codes is that the spectral acceleration response is provided but 
it is not indicated whether this is the absolute acceleration or the pseudo acceleration. If 
it is the absolute acceleration, there will be an increased period dependence of the scale 
factors. The scaling factors presented in most design codes are in fact derived from 
displacement response and are applied to absolute acceleration spectra (Lin et al., 2005; 
Lin and Chang, 2003). This may have implications for force-based design as absolute 
acceleration should have been used, but pseudo acceleration is the preferred choice for 
displacement-based design. 
Portuguese code (1983) (IAEE, 1996) 
This design guide provides scaling factors for moderate magnitude, local earthquakes 
and larger magnitude, distant earthquakes. These larger earthquakes occur at sea, off the 
south coast of Portugal. The massive event of 1755 devastated Lisbon and caused a 
tsunami, indicating possible earthquakes of magnitude 7.5 or above. The code provides 
acceleration spectra at damping levels of 2%, 5% and 10%; there are two sets of spectra 
(for large and small magnitude events) per soil type I, II and III and the period range is 
0.14 to 3s. One such set of spectra is shown in Figure 3.23. A map is provided with 
Portugal divided into 4 zones, A-D, with the highest seismicity along the south coast. 
The choice of design spectra is related to the worst case scenario of moderate 
magnitude, local earthquakes and larger magnitude, distant earthquakes. 
The data for both high and low magnitude earthquakes are represented graphically in 
Section 3.4 for soil type II, as it is the average of all three soil types. With reference to 
Figure 3.23, values of the acceleration are read from the graph at 10% and 5% damping, 
at a particular period, and the simple calculation is carried out to find the ratio of these 
two spectral values; these are shown in Table 3.14. 
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Figure 3.23: Acceleration response spectra from the 1983 Portuguese code for the large 
magnitude events of Zone A and soil type III; note the frequency axis. Taken from IAEE (1996) 
Table 3.14: Values of spectral ratio 10%/ 5% for periods of 0.5 and 3s, as read from the 
acceleration spectra provided in the 1983 Portuguese code (IAEE, 1996) 
Period (s) Portugal (high) Portugal (low) 
0.5 0.67 0.72 
3.0 0.72 0.70 
It should be noted that it is not ideal to measure values from a graph, but since no 
equation is presented, this is the only option. The range of damping is only 2% to 10% 
and the period range extends to only 3s. This is perhaps due to the code addressing 
force-based design procedures, which make use of transient accelerations at short 
periods. It is important to note that numerous design codes do not provide any 
information to scale response spectra for damping values other than 5% and so the 
codes presented here are moving in the right direction in terms of the new information 
required for displacement-based design. 
Indian code (1984) (IAEE, 1996) 
This design guide does not provide scaling factors but acceleration spectra at damping 
levels of 0%, 2%, 5%, 10% and 20% up to a period of 3s (Figure 3.24). Values are read 
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from the spectra and the ratios are calculated at a particular period; these are provided in 
Table 3.15. 
Table 3.15: Values of spectral ratio 10%/ 5% and 20%/ 5% for periods of 0.5 and 3s, as read 
from Figure 3.24 of the 1984 Indian code, taken from IAEE (1996) 
Damping value (%) Spectral ratio at 0.5s Spectral ratio at 3.0s 
10 0.79 0.80 
20 0.59 0.50 
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Figure 3.24: Acceleration response spectra at 0%, 2%, 5%, 10% and 20% damping as provided 
in the 1984 Indian code taken from IAEE (1996). The spectral ratio is found by dividing the 
relevant ordinates at the required period 
The limit on the damping is low at 20% and the period range is low at 3s. 
French code (1990) (IAEE, 1996) 
This code provides an acceleration response spectrum with 3 sets of control periods, 
corresponding to 4 site classes, ranging from rock to soft soil. Figure 3.25 presents the 
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design spectrum, as the French code was the first to have compatible acceleration and 
displacement spectra at the time. 
TB Tc 	 T0 	Periode (s) 
Figure 3.25: Design acceleration spectra for the 5%-damped case and 4°/0-damped case 
(represented by C in the figure) from the 1990 French code, taken from IAEE (1996) 
The following scaling factor, Equation (3.23), is used to reduce the spectral ordinates 
for damping higher than 5% critical. This factor is applied to segment BC as well as CD 
and DE; at some period beyond DE the spectral ratios should tend to a value of 1, to 
mark the value of PGD. Note that the portion AB tends to 1 at zero period, as expected. 
SA(%) (5 
0.4 
SA(5%) 	, 
(3.23) 
The French code sets a limit of 30% on the damping value to be used with this equation, 
unless mechanical devices are utilised. Note that the limit is on the damping value that 
the designer can assume rather than related to the validity of the equation. 
Spanish code (1994) (IAEE, 1996) 
This code takes account of the different spectral shapes resulting from local moderate 
magnitude earthquakes and distant larger magnitude earthquakes. This code deals with 
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this situation in a very different way to Portugal. The hazard is mapped in terms of PGA 
and there are also k-contours along the southern coast to account for those large distant 
earthquakes that occur at sea (Figure 3.26). The PGA value is used to anchor the 
spectral shape and the k-coefficient modifies the long-period section of the spectrum. 
Figure 3.26: Map of Spain to show the k-contours that define the spectral shape, which should 
be adopted for design, taken from IAEE (1996) 
The acceleration response spectra may also represent any of three soil types, I, II and III 
which are rock, stiff soil and soft soil respectively. It is then a simple case of using 
Equation (3.23) as the damping reduction factor, as it is identical to the scaling factor of 
the French code. 
The Spanish code recommends the use of this scale factor for all periods except for 
values less than To, when linear interpolation to unity should be used. Note that To 
marks the start of the constant acceleration plateau. Various values of To, related to the 
value of the k-coefficients and site class are provided in a table with a maximum value 
of 0.35s. 
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Eurocode 8 (CEN, 1994) 
This damping reduction factor, Equation (3.24), is provided in the original draft of 
Eurocode 8 (CEN, 1994), but with no information about its derivation, although 
suggestions have been made in the two previous sections. 
1 = SD(%) il  7  
SD(5%) 	2+ 
(3.24) 
A limit of 0.7 is set on this scaling factor, which corresponds to a damping value of only 
12.3%. Note that Priestley (2000) adopts this scaling factor and applies it to damping 
values up to 40% in order to obtain a set of displacement spectra for DBD, using the 5% 
spectrum of the New Zealand code. 
Uniform Building Code (1997) (ICBO, 1997) 
This seismic design code is more commonly known as UBC-97 (ICBO, 1997) and 
presents a table of damping values with the corresponding scaling factors for 
seismically isolated structures, as shown by Table 3.16. The values in the table were 
taken from Newmark and Hall (1982). Figure 3.27 illustrates the spectral shape and the 
equations shown in the figure are used to determine control periods To and Ts (Tc). 
Table 3.16: Damping coefficients IGD and 13m, taken from UBC-97 (ICBO, 1997) 
Effective damping RD  or flm 
(percentage of critical) 
13o or Om factor Reciprocal of pp or 
Pm factor 
<2 0.8 1.25 
5 1.0 1.0 
10 1.2 0.83 
20 1.5 0.67 
30 1.7 0.59 
40 1.9 0.53 
>50 2.0 0.50 
Where /3D is for the design displacement response and fim is for the maximum displacement 
response. 
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Figure 3.27: Design response spectra for UBC-97 (ICBO, 1997) 
In the control period equations in Figure 3.27, C, and Ca are seismic coefficients which 
take account of the site class and the hazard zonation. It should be noted that this is the 
first code to provide amplification factors C, and Ca that take into account soil non-
linearity. 
The example case adopted, in order to determine the period range of the scale factor, is 
for a Zone 4 region such as California. The soil profile type adopted is SB (rock) and 
seismic source type A at 10km, for large magnitude events, is selected to give Cv=0.48 
and Ca=0.4. Substituting these numbers into Equation (3.24) gives a value of T, of 
0.48s. This is approximately equal to the first selected period of 0.5s, therefore the 
scaling factors for UBC-97 (ICBO, 1997) are constant over the three selected periods of 
0.5, 3 and 6s, selected for the analysis in Section 3.4. 
The following codes are based on the UBC-97 (ICBO, 1997) values, as they are based 
on the Newmark and Hall (1982) method. 
• NEHRP-97, NEHRP-2003, (FEMA, 1997, 2003) 
• IBC-2000, (ICBO, 2000) 
• FEMA-356 (FEMA, 2000), previously FEMA-273 
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• ATC-40 (ATC, 1996) 
• SEAOC Blue Book (SEAOC, 1999) 
The spectral ratios for damping values greater than 20% were estimated conservatively; 
Naeim and Kircher (2001) reported that design panels in the mid 1980s purposely chose 
conservative values for the damping reduction factors greater than 20%. Such high 
damping values would only be used for the design of buildings with very damped 
isolation or damper systems (base isolation or supplementary damping devices). There 
may be very slight differences between the values of the above design guides, especially 
at very short periods, as noted by Lin et al. (2005), but for the purposes of this study 
they are essentially the same. Note that NEHRP-2003 (FEMA, 2003), which is 
considered to be the most accurate representation of seismic actions, was covered in 
some detail in Chapter 2. 
IEEE Guide for seismic design of substations (IEEE, 1998) 
This design guide provides acceleration response spectra for damping values of 2%, 5% 
and 10% for both moderate and high response events with a PGA of 0.25g and 0.5g 
respectively. A series of Equations are then provided for each case in order to obtain the 
spectral ordinates for various damping values; there is a separate equation for each pre-
defined period range. Equation (3.25) is the same for both moderate and high response 
events, but Equations (3.26)-(3.29) are related to the high PGA events only; the set of 
equations for the moderate value of PGA are not presented here. 
3.21— 0.681n(%) 
— 0.4g + 0.66 
(3.25) 
(3.26) 
(3.27) 
(3.28) 
(3.29) 
77 = 2.1156 
For T=0-0.03s 	SA = 0.5g 
For T=0.03-0.125s 	SA = (13.2q — 5.28)T 
For T=0.125-0.909s 	SA = 1.2577 
For T=0.909-cc 	SA= 1.144771  
T 
118 
The damping reduction factor can then be obtained from the ratio of the spectral 
ordinates. As this section observes the results at three selected periods of 0.5s, 3s and 
6s, only equations (3.25), (3.28) and (3.29) were used. From the calculations, it is 
interesting to note that the damping reduction factors are the same for all three selected 
periods, and is equal to the value of 77 found from equation (3.25), as the constants in 
equations (3.28) and (3.29) cancel each other out during the spectral ratio calculation. 
The scale factors are presented in Table 3.17. 
Table 3.17: Damping reduction factors for the high value of PGA for periods of 0.5, 3 and 6s, 
calculated from the equations provided in the IEEE Guide for seismic design of substations 
(IEEE, 1998). 
Damping value (%) Scaling factor 
10 0.78 
20 0.55 
30 0.42 
40 0.33 
50 0.26 
The equations for PGA=0.25g are of a similar format to the equations shown above and 
again the damping reduction factors are equivalent to the 77 values at the chosen periods, 
as the constants cancel each other out. It is interesting that the moderate events produce 
lower spectral ordinates as expected but the ratios of the spectra with different damping 
levels are the same as those for the high response events. 
The damping reduction factors are very low for higher values of damping of 40% and 
50% when compared with the values from other studies, which tend to level out at these 
higher damping values. The values at 10% and 20% damping are similar to the 
Newmark and Hall (1982) values for the acceleration region, so perhaps the IEE were 
not as conservative as other codes, which adopted these values in defining the damping 
reduction factors at 30%-50%. 
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NEHRP-2000 (FEMA, 2000) 
Damping reduction factors are provided for various damping values, as shown in Table 
3.18. 
Table 3.18: Damping coefficients BD or BM, taken from NEHRP-2000 (FEMA, 2000) 
Effective Damping 
(percentage of critical) 
BD or BM factor Reciprocal of BD or 
BM factor 
<2 0.8 1.25 
5 1.0 1.0 
10 1.2 0.83 
20 1.5 0.67 
30 1.8 0.56 
40 2.1 0.48 
>50 2.4 0.42 
Where BD is the numerical coefficient related to the effective damping of the isolation system at 
the design displacement and BM is the numerical coefficient related to the effective damping of 
the isolation system at the maximum displacement. 
These values are based on the Ramirez et al. (2000) method and the values are identical 
at 10% damping, but these NEHRP-2000 (FEMA, 2000) values are lower than the 
Ramirez et al. (2000) values at higher values of damping, as observed by Lin et al. 
(2005). There is no indication of the modifications made to the higher damping values 
before presentation in this code. 
Caltrans (2001) 
The scaling factor presented in this US design guide is that derived by Kawashima and 
Aizawa (1986) for spectral ordinates of absolute acceleration (Equation 3.30). Caltrans 
(2001) is used specifically for bridges and allows the damping to be increased from 5% 
to 10%, if there is much energy dissipation at the abutments, and the bridge is expected 
to respond as a SDOF system. The design guide also provides a series of spectral 
acceleration and displacement spectra up to a period of 4s for magnitude M6.25-8.25 
and site class (B-E). 
120 
17(,T)= Bo —[B0 —1]exp[—a( —0.05)7] 
1 
(3.31) 
 
SD() (  1.5  
 
11= + 0.5 	 (3.30) 
  
The code also lists the features of a bridge that are indicative of a system that may 
experience higher damping. The limitations of this code are that the equation is applied 
to 10% damping only. 
Chilean Code (INN, 2003) 
This code provides Equation (3.31) to obtain the scaling factor for three soil types I, II 
and III, at periods greater than 2s only; this is derived using 9 earthquake records from 
Chile. 
where 
B0  = 2( 	1  + 	) and Bo = 1.54 for 5% damping 1 +14.68e"65 
The code also provides the UBC-97 (ICBO, 1997) values of damping reduction factors 
and suggests that they can also be used as they are a more conservative estimate. 
The value of a varies, depending on the soil type and the damping value, as shown in 
Table 3.19: 
Table 3.19: Values of coefficient a to be used in Equation (3.31), taken from the Chilean Code 
(INN, 2003) 
Damping f3 Soil Type 1 Soil Type 2 Soil Type 3 
0.1 396.9 293.1 224.5 
0.15 180.7 124.6 98.0 
0.2 117.9 76.1 57.1 
0.25 94.0 54.3 39.6 
0.3 68.5 42.0 30.4 
0.5 36.9 22.2 16.1 
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Two cases were investigated for soil type II, the first was for 10% damping (a equal to 
293.1) at a period of 3s and then for 50% damping (a equal to 22.2) at a 6s period. 
Interestingly, the soil effect is redundant as that part of Equation (3.31) which uses the 
soil factor, a, is an exponential. The Equation applies to periods greater than 2s and 
again the period factor is in the part of Equation (3.31) which is the exponential. The 
values of this exponential term for the two examples outlined above, are 
2.862 x10-2° and 1.26 x10-13 respectively, as the exponential of a large number tends to 
zero. The consequence is that the damping reduction factor may be obtained from a 
much simplified version of Equation (3.31), where Bo is as defined previously: 
77 
1 
B0 
(3.32) 
Eurocode 8 (CEN, 2004) 
This code provides Equation (3.33) as the scaling factor, as applied to both the Type 1 
and 2 spectra, which were presented in Chapter 2. 
=
SD(/0) 11 10  
SD(5%) 	5+ 
(3.33) 
Equation (3.33) uses spectral displacement to determine the scaling factor for the 
required damping level, 4%, and was derived by Bommer et al. (2000). The equation 
can be used for values of damping up to 30% of critical and is applied from the period 
at the start of the acceleration plateau to the period at the end of the displacement 
plateau. At very short periods, and beyond the displacement plateau, the factor increases 
linearly to 1. The control periods for the response spectra are defined for site classes 
from rock to soft soil and further details can be found in Table 2.3 of Chapter 2. 
FEMA-440 (2005) 
The following equation is used to obtain the reduced spectral ordinates, at damping 
values other than 5% of critical: 
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where: 
SA(%) = 
Tlg
SA(5%) 
eff ) 
4 
q = 5.6 — In .,,ff  (in%) 
(3.34) 
(3.35) 
These equations are period independent. This most recent document, FEMA-440 (ATC, 
2005) aims to improve non-linear, static seismic analysis procedures and Chapter 6 of 
this code in particular, aims to improve the practical application of equivalent 
linearization methods. This equation is provided but there is no information regarding 
the applicability of the equation to the period range. The code states that the scaling 
factors are very similar to NEHRP-2000 (FEMA, 2000), which is derived from Ramirez 
et al. (2000); perhaps this is also the case for this code. 
3.4 	Variation of Scaling Factors with Damping Level 
The scale factors are presented at three selected periods: 0.5s to represent the 
acceleration region, 3.0s to represent the velocity region and 6.0s to represent the 
displacement region. The data is divided into damping reduction factors found in 
technical papers and those found in design codes, and the aim of this section is to 
compare the scaling factors from the reviewed documents (Figures 3.28-3.33). 
Figure 3.28-3.33 display great divergence amongst the damping reduction factors from 
both design codes and technical papers. All studies are based on the analysis of a SDOF 
system and so a different method of analysis cannot explain this variability. In all cases, 
the divergence grows as the damping ratio increases, as expected, as the spectral 
ordinates are increasingly removed from the 5%-damped ordinates. 
With regards to all the reviewed documents, it is not often mentioned, but assumed, that 
the 50-percentile results are adopted. The only exception is for Newmark and Hall 
(1982), who recommend the use of their 84-percentile results, although the median 
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Figure 3.28: Damping reduction factors at a period of 0.5s from technical papers 
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results were adopted here. Lin and Chang (2003, 2004) provided 50-percentile and 84-
percentile results and again, the 50-percentile results were adopted here. 
All reviewed documents used displacement ordinates or pseudo velocity or pseudo 
acceleration. Only Kawashima and Aizawa (1986) used absolute spectral acceleration. 
Damping ratio 
Figure 3.29: Damping reduction factors at a period of 0.5s from design codes 
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Figure 3.30: Damping reduction factors at a period of 3.0s from technical papers 
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▪ Portuguese (1983) - low 
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• Caltrans (2001) 
Chile (2003) 
	 EC8-new (2003) 
	 FEMA-440 (2005) 
Figure 3.31: Damping reduction factors at a period of 3.0s from design codes 
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Figure 3.32: Damping reduction factors at a period of 6.0s from technical papers 
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Figure 3.33: Damping reduction factors at a period of 6.0s from design codes 
The results for the technical papers are first discussed. In order to capture the extent of 
the divergence of the scaling factors, they are ranked in order for the 10%-damped case, 
at a period of 3s (Table 3.20). The aim is to assign possible contributing factors that 
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may explain the divergence amongst the studies. These notes are not exhaustive but 
give an indication of the diversity amongst all the technical papers that may have 
influenced the value of the spectra ratio. 
Table 3.20 serves to show the difference in the background for each scaling factor. 
Suggestions have been made in an attempt to explain why the value of one scaling 
factor is higher or lower than another, when they should be the same. It is also 
important to note that even if displacement spectral ordinates amongst the studies are 
very different, the scale factor is a measure of the difference between the 5% and 4% 
ordinates and could be the same. The range of spectral ratios at 3s period for 10%, 30% 
and 50% damping is shown in Table 3.21. 
With reference to Table 3.21 for the technical papers, although the range of scaling 
factor for 10% damping is lower than that for 30% and 50% damping, the ranked order 
of studies is similar. For all three damping levels, the range of scaling factor is large 
when considering the impact it will have on the design spectral ordinates adopted. For 
example at 30% damping, the scaling factor could be as low as 0.480 or almost 50% 
larger at 0.705; this would have a dramatic effect on the design displacement. 
The range of spectral ratios at 3s period for the design codes at 10%, 30% and 50% are 
now presented in Table 3.22. The divergence amongst these scale factors is also large. 
For example, at 30% damping, the scaling factor could be as low as 0.42 or about 40% 
larger at 0.59. A table such as Table 3.20 is not provided for the design codes; this is 
because they tend to provide very little background information to the scale factors that 
are provided. 
With reference to Table 3.22 and 3.23, it can be seen that the divergence of the scale 
factors is greater for the design codes at 10% damping and greater for the technical 
papers at 30% and 50% damping. A quick check of the divergence at the two other two 
periods of 0.5s and 6s indicates similar results to the 3s-period results, except that the 
difference between the minimum and maximum spectral ratios decreases slightly as the 
period increases from 0.5 to 3 to 6s. 
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Table 3.20: Table to provide possible contributing factors to the divergence amongst scale 
factors for the 10%-damped case (adopted as all the studies provide scale factors at 10% 
damping) at a period of 3s, for the technical papers 
Technical paper Scale 
factor 
Notes of the main differences amongst papers that may 
contribute to the value of the scale factor 
Guan et a/. 
(2004) 
0.869 Digital dataset from California and Japan. New processing 
technique devised by authors. This scale factor represents 
high magnitude earthquakes at small epicentral distances. 
Tolis and 
Faccioli (1999) 
0.866 Single Mw6.9 earthquake, bi-lateral rupture, mostly 
intermediate distance records on soft soil. Processed 
acceleration time history, but also processed velocity time 
history. 
Lam et al. (2001) 0.841 Presents a simple building frame analogy for a soil column. 
There is no information on the two strong-motion records that 
are used to check the model. 
Ashour (1987) 0.840 Intermediate distance and firm soil only. Some records 
incorrectly processed twice. The upper bound factor in the 
scale factor equation is adopted. 
Atkinson and 
Pierre (2004) at 
2s 
0.835 Firm soil records. Range of magnitude of M5-7+ and source-
to-site distance up to 150km. No record processing 
information. 
Lin and Chang 
(2004) 
0.831 1000 records grouped to determine the average response. 
Ramirez et a/. 
(2000) 
0.830 Large magnitude earthquakes at intermediate distances on 
stiff soil, limited to magnitudes greater than 6.5 and source-
to-site distance of 10-20km. No record processing 
information. The records of the dataset were initially scaled to 
the NEHRP-2000 (FEMA, 2000) spectrum. 
Newmark and 
Hall (1973 and 
1982) 
0.830 No details of record processing but older techniques were 
used. No site class information. 
Bommer et al. 
(2000) 
0.816 Range of magnitude 5.5-7.9 and source-to-site distance up to 
100km. 
Wu and Hanson 
(1989) 
0.810 No consideration given to source-to-site distance or site class. 
No record processing information provided. 
Naeim and 
Kircher (2001) 
0.810 Poor regression of statistical data that does not fit boundary 
conditions of spectral shape. No information on the source-to-
site distance or site class. Mixed record processing for 
dataset. 
Lin and Chang 
(2003) 
0.800 Average of more than 1000 records. 
Kawashima and 
Aizawa (1986) 
0.800 Used absolute acceleration rather than pseudo acceleration. 
Large range of source-to-site distance 5-350km which may 
reduce the value of the scale factor. 
Malhotra (2006) 0.800 No information on magnitude range or source-to-site 
distance. 
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Table 3.21: Minimum and maximum values of the damping reduction factors for the reviewed 
papers, at values of damping of 10%, 30% and 50%, at a period of 3s 
Damping Minimum to maximum 
values of scaling factor 
Range of scaling factor 
10% 0.800-0.869 0.069 
30% 0.480-0.705 0.225 
50% 0.380-0.635 0.255 
Table 3.22: Minimum and maximum values of the damping reduction factors for the reviewed 
design codes, at values of damping of 10%, 30% and 50% at a period of 3s. 
Damping Minimum to maximum 
values of scaling factor 
Range of scaling factor 
10% 0.702-0.830 0.128 
30% 0.420-0.590 0.170 
50% 0.260-0.500 0.240 
It is impossible to make any direct comparisons amongst the documents as no two set of 
scaling factors were derived using datasets containing the same number of records 
representing similar seismological parameters and subject to the same record 
processing. The datasets are limited in various ways and the grouping of spectra in each 
dataset will lead to different average spectral ordinates and hence different spectral 
ratios. It is suggested here that if all the authors used datasets with an identical number 
and range of records with the same magnitude, source-to-site distance and site class, 
there would be a marked reduction in the divergence amongst the results. The severe 
processing of the strong-motion records are also known to reduce the long-period 
ordinates, which could affect the spectral ratios. 
3.5 	Variation of Scaling Factors with Period 
The case of the spectral ratio 30%/ 5% is selected to illustrate the variation of scaling 
factors with period for the technical papers (Figure 3.34). As Atkinson and Pierre 
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(2004) only provided damping reduction factors up to 15% damping, their results are 
not presented in this figure but the reader is referred to Figure 3.22 in Section 3.3, which 
illustrates the period dependence. Newmark and Hall (1982) and Naeim and Kircher 
(2001) did not provide spectral ratios at 30% damping. The results of Newmark and 
Hall (1982), at other damping values do display period dependence of scale factors in 
moving from the acceleration to velocity to displacement regions, but are constant 
across the period range 1.5-3s (Figure 3.6). 
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Figure 3.34: Graph to show the variation of scaling factor (30%/5%) with period, for technical 
papers 
It can be seen from the investigation into the technical papers, that the majority of the 
scaling factors are generally constant over the period range that marks the start of the 
acceleration plateau to the end of the displacement plateau, which historically ranges 
from 1.5-3s. There are however just three studies that found that the spectral ratio varies 
with period along the entire period range. 
• Lin and Chang (2003) 
• Lin and Chang (2004) 
• Atkinson and Pierre (2004) 
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The data for Lin and Chang (2003, 2004) is extracted and presented in Figure 3.35. 
Note that a fourth study, Kawashima and Aizawa (1986), also found period dependence 
of damping reduction factors. However, they used absolute acceleration, and go on to 
discount the period-dependent part of the scale factor equation they derived. 
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Figure 3.35: Spectral ratios for Lin and Chang (2003) and Lin and Chang (2004), extracted from 
Figure 3.32. 
The general observation from Figure 3.34 is that the effect of damping increases as the 
period decreases. Another interesting feature is that the Lin and Chang (2004) curve is 
higher than the 2003 study. It first appears that that the 84-percentile results are shown 
for Lin and Chang (2003), however, this is not the case, as the median spectral ratios 
were plotted for both cases. Atkinson and Pierre (2004) also found period dependence 
of spectral ratios but only provided results up to a period of 2s and up to 15% damping. 
These three studies are further investigated in Chapter 4 to try and understand the period 
dependence that exists. It is also important to note here that the filtering of strong-
motion records guarantees reliable results up to a certain period, 1.5-4s for analogue 
records and at least 6s for digital records, but these three studies have not reported on 
the filtering methods employed. 
The period dependence of scaling factors from design codes is shown in Figure 3.36. 
This figure indicates that the spectral ratio from design codes show no dependence on 
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spectra converge to PGD. This is because design codes tend to provide one or two 
design spectra, which are an average of the chosen dataset. The damping reduction 
factor is only a function of the damping and so is applied over the whole period range. 
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Figure 3.36: Graph to show the variation of scaling factor (30%/5%) with period, for design 
codes 
In summary, damping reduction factors are currently a function of the damping and 
period (inherent to the shape of displacement spectra) only, with the exception of a few 
cases. Within Chapter 4, the influence of period on the scale factors is investigated, in 
light of the results of Lin and Chang (2003, 2004) and Atkinson and Pierre (2004). 
This work finds great divergence amongst the scale factors from over 30 technical 
documents indicating that they cannot just be a function of damping. All the scale 
factors were derived using SDOF systems and so the expectation is that they should all 
lie on approximately the same line. Therefore Chapter 4 investigates the influence of 
seismological parameters on the damping reduction factors. 
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	4.0 	INFLUENCE OF GROUND-MOTION CHARACTERISTICS 
ON SPECTRAL SCALING FACTORS 
The Chapter 3 review of 31 technical documents concluded that there is much 
divergence amongst the scale factors presented. As all the damping reduction factors 
were derived using the analysis of elastic SDOF oscillators, variations in the structural 
models is not a feasible explanation. The divergence is conclusive evidence that 
damping reduction factors cannot only be a function of the damping. Note that in most 
cases the factors are constants applied across a particular period range, hence the shape 
of the spectra and their normalisation could contribute to the divergence. This chapter 
aims to show that damping reduction factors must also be a function of seismological 
parameters such as magnitude, source-to-site distance, site class and near-fault 
directivity effects. 
4.1 	Influence of Response Period 
In the literature review of Chapter 3, three of the 31 documents found the damping 
reduction factor to be dependent on period, across the entire period range considered. 
These technical papers are Lin and Chang (2003), Lin and Chang (2004) and Atkinson 
and Pierre (2004). For each paper, the spectral ratio at 15% damping is presented in 
Figure 4.1. The value of 15% damping was selected as this is the maximum value 
represented by Atkinson and Pierre (2004). 
The results of Lin and Chang (2003) and Lin and Chang (2004) are different and this 
will be investigated, as they are expected to be the same as they use almost identical 
datasets. The spectral ratios for Lin and Chang (2004) are a constant 0.05 greater, on 
average, than the values for their 2003 paper. This is not due to Lin and Chang (2003) 
adopting the 84-percentile results; the mean values of spectral ratio were extracted from 
their papers. The dataset is the same for both studies, 102 earthquakes downloaded from 
the strong-motion database of the Pacific Earthquake Engineering Research Center 
(PEER). Lin and Chang (2003) used 1053 records but removed 16 of them for their 
2004 paper, to leave 1037 records. The magnitude range (Ms5.4-7.4) and the source-to- 
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site distance range (0.1-180km) is the same. Final confirmation is that the magnitude-
distance scatter plot of each dataset appears to be identical. 
	 Lin and Chang(2003) 
Atkinson and Pierre (2004) 
------ Lin and Chang (2004) 
Period (s) 
Figure 4.1: Spectral ratios at 15% damping for Lin and Chang (2003, 2004) and Atkinson and 
Pierre (2004), to show the extent of the period-dependence 
This leaves two possibilities for the difference in the two sets of results, observed in 
Figure 4.1. The first is due to the different treatment of the records but the datasets were 
downloaded from the PEER website and would have already been processed; it would 
be unusual for Lin and Chang to re-process the records for only one of their papers. The 
second is due to the treatment of the results; in their 2004 study, Lin and Chang 
specifically investigated the variation of spectral ratio with site class and performed 
non-linear regression to determine the scale factors. The results of the regression are 
compared with the results of the statistical study and are very similar, as shown in 
Figure 3.20 of Chapter 3. However, the Lin and Chang (2004) scale factor equation 
adopted for Figure 4.1 is for all site classes but the comparison with this equation and 
the statistical results is never actually presented in their paper. As this is an unknown, it 
may be the cause of the difference between the 2003 and 2004 results. 
Setting aside the differences between the two Lin and Chang studies, the period 
dependence across the entire period range observed in Figure 4.1 is investigated. It is 
first important to appreciate that there is an inherent period-dependence of any 
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individual response spectrum, which is carried through in the spectral ratio calculation 
(Figure 4.2). 
However, idealised code spectral shape (Chapter 2) dictates the boundaries of the 
period-dependence of the resulting spectral ratios. The spectral ratio tends to 1 at a 
period of Os and at PGD and there exists a constant spectral ratio plateau, over a period 
range that depends on factors such as magnitude and site class (Figure 4.2). The 
question is whether it is feasible to apply a constant, period-independent, scale factor 
over this period range. Lin and Chang (2003, 2004) and Atkinson and Pierre (2004) 
found that the value of the scale factor increased with period over this region, in fact 
over the entire period range considered. 
Figure 4.2: Inherent period dependence of any individual record and resulting spectral ratio for 
the case of 30%/ 5% 
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This section investigates whether the period-dependence of the scale factors of Figure 
4.1 is genuine and consistent as applied to code spectra, or whether it is simply a facet 
of the derivation of the scale factor, due to the mixing of the records in the dataset, in 
terms of varying magnitude, source-to-site distance, site class or near-fault directivity 
effects. To investigate this mixing of data, a ground-motion prediction equation is used. 
The ground-motion prediction equation of Campbell and Bozorgnia (2006) is adopted 
as the spectral ordinates are defined up to 10s. It should be noted that the extrapolation 
to 10s was guided by the long-period behaviour predicted by the stochastic model of 
Atkinson and Silva (2000). Campbell and Bozorgnia (2006) also assumed constant 
displacement beyond a given magnitude-dependent corner period which was related to 
the source spectrum of the earthquake. The dataset used in the derivation of this 
attenuation equation is the NGA (Next Generation of Attenuation) dataset. This is used 
for the project of the Pacific Earthquake Engineering Research Center (PEER) Lifelines 
Program (Power et al., 2006). Full details of the NGA dataset are provided in Chapter 5. 
The limits of applicability of the Campbell and Bozorgnia (2006) equation are for 
shallow continental earthquakes, for the following conditions: 
• 1\4„, = 4.0-8.5 (strike-slip faulting) 
• MW = 4.0-8.0 (reverse faulting) 
• M,„ = 4.0-7.5 (normal faulting) 
• RRup = 0-200km 
• Vs30 = 180-1500m/s (NEHRP B, C and D) 
• Z2.5 = 0-6km 
Where RRup is the closest distance to the coseismic rupture in kilometers and Z2.5 is the 
depth to 2.5km/s shear-wave velocity horizon (sediment depth) in kilometres. The 
functional form of the Campbell and Bozorgnia (2006) ground-motion prediction 
equation is shown by Equation (4.1) and further details may be found in their paper. 
In Y = fmag + 	ffli fh„g fsue + f„d + 6 
	 (4.1) 
For a strike-slip event, the fflt and fi,„g terms equal zero as they are specifically related to 
a reverse fault situation and the fed  term is related to shallow sediment and 3D basin 
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effects, which are not modelled here. The median results are required and so the value 
of s is also zero. This leads to a simplified Equation (4.2), which is a function of the 
magnitude, source-to-site distance and site class: 
In Y = fmag fdis fsite 	 (4.2) 
The magnitude-dependent part of the equation is a tri-linear function for low, medium 
and high magnitudes and the site class-dependent term is bi-linear, depending on 
whether the average shear wave velocity in the topmost 30m is greater or lower than 
coefficient k1. Equations (4.3)—(4.5) were used to obtain the spectral shape at 5% 
damping for a rock site. An important drawback to this equation is that coefficients co-
cjo for the pseudo spectral acceleration ordinates at 5% damping only, have been 
derived. The form of the equation for M < 5.5 and Vs30 > k1 is: 
ln(SA) = [c0 + c1M6,]+1.(c4 + c5 M,,„ )14/?„,2, + 4 	).1 
+[(c10 +1.18k2 )14 VS" 	(4.3) 
The form of the equation for 5.5 < M < 6.5 and Vs30 >1(1 is: 
ln(SA) = [c0 + ci M„, + c2 (M,,„ —5.5)1+[(c4 + c5 M„ 	+ c62 11 
+ [(clo +1.18k2 )14T-V 	(4.4) 
The form of the equation for M > 6.5 and Vs30 > k1 is: 
ln(SA) = [cc, + ci M + c2 (1 —5.5)+ c3 (M — 6.5)]+1(c, + c 5 111)1n( V R,2„p + 	c)J 
[ 	\ ( V ] + (cic, +1.18k2 )1n -S30 	(4.5) 
%, k, i  
The effect of magnitude was first modelled for a rock site and source-to-site distance 
(11.,,p) of 10km. The magnitude was varied from M,5-8 and the results are shown in 
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Figure 4.3. The results are divided in two magnitude ranges for clarity, as it is important 
to gauge where the control period TD occurs, as it marks the beginning of the constant 
displacement plateau. 
The results of Figure 4.3 show that as the magnitude increases, the location of the 
constant displacement plateau shifts (TD has not yet been reached for A4,7-8). These 
results confirm that when the average response of the dataset is taken, an artificial 
period-dependence will be found. This is due to the averaging of spectra at longer 
periods where for smaller events, the spectrum is descending to PGD and for larger 
events, the ordinates still correspond to the constant displacement plateau. This may be 
clarified by Figure 4.4. In conclusion, these results do confirm that the mixing of 
spectral shapes of increasing magnitude may cause an apparent period-dependence of 
spectral ratios. 
Period (s) 
Figure 4.3: Effect of magnitude on the spectral displacements for the Campbell and Bozorgnia 
(2006) attenuation equation. Note the enlarged scale of the second graph to illustrate the shape 
of the spectra. 
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In terms of source-to-site distance and site class, the Campbell and Bozorgnia (2006) 
NGA attenuation equation indicates that the spectral shape is only affected by the 
variation in ordinates rather than a shift in the constant displacement plateau. The 
ordinates increase for a decrease in the source-to-site distance and increase for softer 
soil conditions, as illustrated in Figures 2.17 and 2.20 in Chapter 2. 
Spectral 
Ratio 
Period (s) 
Figure 4.4: Effect of mixing of data that may result in artificial period-dependence 
It may be concluded that the period dependence of the damping reduction factors seen 
in Lin and Chang (2003, 2004) is most probably due to the mixing of more than 1000 
records, from earthquakes of different magnitude and obtained from stations with 
different surface geologies, in their dataset. 
In the case of Atkinson and Pierre (2004), the scale factors were only derived up to a 
period of 2s. The formulation in codes such as EC8 (CEN, 2004) assumes period-
independence of the damping scaling factors from the start of the constant acceleration 
plateau (TB) to the end of the constant displacement plateau (TE). However NEHRP-
2003 (FEMA, 2003), for the US, models control period TD as 4-16s. Therefore, it could 
be that the region of constant spectral ratio has not yet been realised for the Atkinson 
and Pierre (2004) ENA dataset, and period-dependence at shorter periods is expected. 
This is an assumption that can be made on such limited data and is supported by the 
definition of longer control periods for NEHRP-2003 (FEMA, 2003). 
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4.2 	Reduction Factors for Harmonic Motion 
As the damping reduction factors, explored in Chapter 3, were all derived using the 
analysis of elastic SDOF oscillators, they are now employed for this simple test, which 
goes back to fundamentals. An undamped oscillator is subjected to a harmonic 
excitation of its base. The results show that with each cycle of motion, it will 
accumulate more energy and hence vibrate more energetically, the maximum 
displacement response thus increasing monotonically with the number of cycles (Figure 
4.5). 
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Figure 4.5: Maximum spectral displacements of damped oscillators (middle) of period T and 
different damping levels subjected to harmonic excitation with constant period of vibration (top) 
and variation of spectral ratio with number of cycles of motion (bottom). 
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For a viscously-damped oscillator with a low level of damping (say 5%), after the first 
cycle of motion has passed, only some of the energy in the oscillator will have been 
dissipated by the damping and some will remain, hence with the next cycle of motion 
the newly input energy will be added and the vibrations will thus become stronger with 
an increasing number of cycles. However, after a certain number of cycles, a steady-
state response is reached whereby the input of energy through excitation of the base is 
exactly matched by the dissipation of energy through damping; the spectral response 
then remains constant as the number of cycles of motion grows. The higher the level of 
damping, the more rapidly the oscillator will reach the steady-state response and the 
smaller the difference between this level and the response to the first cycle. Once the 
steady state is reached, the ratio between the spectral displacements is equal to the 
reciprocal of the ratio between the damping values. 
From simple structural dynamics considerations, the reduction of the spectral ratios is 
expected to increase with increasing duration of motion. This is investigated, with 
respect to real earthquake records in the ensuing sections. 
4.3 	Factors Influencing Spectral Scaling 
There are two options available to study the influence of individual seismological 
parameters on damping reduction factors. The first is to use a large number of real 
strong-motion records and the second is to use synthetic records, generated from 
seismological models. The most efficient way of using real earthquake records is to 
employ ground-motion prediction equations, which are generally obtained from 
regressions on empirical strong-motion data. These ground-motion prediction equations 
make it possible to vary one seismological parameter in order to observe any effect on 
the spectral ratios, while keeping the other seismological parameters constant. 
Four such attenuation equations are adopted for this work, Trifunac and Lee (1989), 
Boore et al. (1993), Bommer et al. (1998) and Berge-Thierry et a/. (2003). Their results 
are supplemented by stochastic simulations, which use seismological models to generate 
synthetic ground motions (Boore, 2003). Details of these five tools of analysis are now 
presented. 
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Trifunac and Lee (1989) 
The basic form of the equation is shown by Equation (4.6): 
log10 PSV(T). M + Att(A,M,T)+b1 (T)M +b2 (T)h+b3 (T)v +b5 (T)+b6 (T)M 2 
(4.6) 
Where Att(A,M,T) is a frequency-dependent attenuation function, as a function of the 
`representative' source-to-site distance, A, magnitude, M, and period, T. The value of A 
is a function of the epicentral distance, focal depth and geological site conditions, which 
include rock, stiff soil and soft soil. The terms h and v take a value of either 0 or 1, 
depending on whether the horizontal or vertical component of the motion is being 
considered. 
The dataset comprises 438 free-field records, which provides 1314 components of 
acceleration from 104 earthquakes. The dataset, recorded up to 1981, represents regions 
of Northern and Southern California. The magnitude range and scale for the attenuation 
equation was not given, the range of modified hypocentral distance that accounts for 
source dimensions was also not provided. 
The measured response was pseudo spectral velocity, with coefficients b1-b6 provided at 
5, 10 and 20% damping, defined at 12 periods up to 14s. 
Boore et al. (1993) 
The basic form of the equation is shown by Equation (4.7): 
log(PSV) = b1 + b2 (M — 6) + b3(M — 6) 2 + b4 r + b5 log r +b6 GB +1,7 Gc, + sr + se (4.7) 
where 
r = AIR JB 2 + h2 
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The equation accounts for magnitude M, source-to-site distance, RiB  in km and site 
classification (GB is 1 for stiff soil and zero otherwise and Gc is 1 for soft soil and zero 
otherwise). The term h is a fictitious depth, determined by the regression. The last two 
terms of the equation are the variability, however, as the median results are being 
observed, they will be set equal to zero. There is a choice of coefficients, b1-b7 , for 
random or larger component of motion, with the larger component coefficients selected 
for this work. 
The dataset comprises 271 two-component recordings from 20 earthquakes from 
western North America. The moment magnitude scale was adopted with a range of 
Mw5.3-7.7, the distance measure is RJB, which is the closest horizontal distance from the 
station to the point on the Earth's surface that lies directly above the rupture and ranges 
from 2-100 km. There were three site classes considered; rock, stiff soil and stiff soil. 
The measured response was pseudo spectral velocity, with coefficients provided at 5, 10 
and 20% damping. There were 46 periods in the range 0-2s. 
Bommer et al. (1998) 
The basic form of the equation is shown by Equation (4.8): 
log(SD) = CI + C2 M -FC3(r)+ C4 log(r) + CAS A + CsS s + oP 	 (4.8) 
where 
r = VRJB 2 
The magnitude range of the dataset was Ms5.5-7.9 and RiB  was adopted with a range of 
1-260 km. Three site classes of rock, stiff soil and soft soil were considered with SA and 
Ss adopting a value of 0 for rock, SA is 1 and Ss is 0 for stiff soil and vice versa for soft 
soil. The last term will be set to zero as the median results were selected for this work. 
There were two distance-related conditions in the equation; the third term of Equation 
(4.8) is the coefficient of anelastic attenuation and the fourth term is the geometric 
attenuation coefficient. The third term was set equal to zero as Ambraseys et al. (1996) 
143 
found the dataset to be insufficient to simultaneously determine both the geometric and 
inelastic attenuation coefficients. 
The measured response is spectral displacement, with coefficients C1-C4, CA, Cs and ho 
provided at 5, 10, 15, 20, 25 and 30%. There were 60 periods defined for the range of 
0.04-3s. 
The dataset adopted for the derivation of the Bommer et al. (1998) attenuation equation 
was developed from the European dataset, first used by Ambraseys et al. (1996). It 
comprises of 183 strong-motion records from 43 earthquakes, recorded on three soil 
types, rock, stiff soil and soft soil, distributed in the ratio 25:51:24. 
Berge-Thierry et aL (2003) 
The basic form of this ground-motion prediction equation for pseudo spectral 
acceleration is as follows: 
logic, PSA(f) = a(f)M + b(f)Rhm, — logic, Rpm,  + c12 (f ) 	(4.9) 
where M is the surface wave magnitude M, and ranges from 4.5-7.3 and Rhip is the 
hypocentral distance, ranging from 7-100 km. The coefficients are a(f) and b(J) and ci(f) 
for rock sites and c2O) for alluvium sites; these coefficients are provided for damping 
values 5, 7, 10 and 20%. There are 143 periods defined for the range 0.03-10s. 
The dataset comprises 483 earthquake records, which are mostly European earthquakes 
with some Californian records (17% of the data) introduced to model near-fault, large 
magnitude events. 
The main details for each of the ground-motion prediction equations are presented in 
Table 4.1. 
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Table 4.1. Characteristics of ground-motion prediction equations used in this study. 
Equations No. of 
Records 
Magnitude 
Scale/Range 
Distance 
Metric/Range' 
Response 
Parameter2 
Damping 
Values3  
Trifunac and Lee 438 (N.A) R4hyp PSV 5, 10, 20% 
(1989) (N.A.) 
Boore et al. 
(1993) 
271 M, 
(5.3 — 7.7) 
RiB 
(2-100 km) 
PSV 5, 10, 20% 
Bommer et al. 
(1998) 
183 M, 
(5.5 — 7.9) 
RIB 
(1-260 krn) 
SD 5, 10, 15, 
20, 25, 
30% 
Berge-Thierry et 
al. (2003) 
483 M, 
(4.5 — 7.3) 
Rhyp 
(7 — 100 km) 
PSA 5, 7, 10, 
20% 
Notes: 1 — distance measures as def ned by Abrahamson and Shedlock (1997); 2 — PSV = pseudo-velocity 
response spectrum, PSA — pseudo-acceleration response spectrum, SD — relative displacement response 
spectrum; 3 — As with some of the design codes reviewed previously, values of damping lower than 5% 
are not considered in this study since they are unlikely to be relevant to displacement-based design; 4 -
modified hypocentral distance that accounts for source dimensions 
Stochastic simulations 
The stochastic method of Boore (2003) is adopted. This method of simulating ground-
motions is based on the assumption that the fourier amplitude spectrum of ground-
motion at a site can be specified in a deterministic way, and that when coupled with a 
random phase spectrum, a realistic time series may be obtained. This is modified in 
such a way that the motion is distributed over a duration related to the earthquake 
magnitude and source-to-site distance. The Fortran program SMSIM (2003) is used to 
generate synthetic ground-motions based on the stochastic method, where SMSIM 
represents Stochastic Model SIMulation or Strong Motion SIMulation. For the purposes 
of this work, it is used to generate response spectra in order to observe the influence of 
each seismological parameter on the spectral ratios, in a similar fashion to the ground-
motion prediction equations. The seismological parameters modelled are the moment 
magnitude and the closest distance to the rupture surface. The default source, path and 
site parameters for coastal California are used for the simulations. 
4.3.1 Influence of magnitude 
The ground-motion prediction equation of Bommer et al. (1998) is taken as an example 
to outline the method used to observe the influence of magnitude on the spectral ratios. 
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Median response displacement spectra were generated using the Bommer et al. (1998) 
attenuation equation (Equation 4.8); the magnitude was increased from Ms5.5-8 while 
keeping the source-to-site distance constant at 10km and the site class constant as rock. 
Figure 4.6 illustrates the displacement spectra at the selected damping values, for the 
case of a magnitude 7 event. Figure 4.7 illustrates the spectral ratios with respect to 5% 
damping, for example the 20%-damped ordinates divided by the 5%-damped ordinates. 
The spectral ratio of 20% with respect to 5% damping is then extracted from each set of 
spectral ratio curves corresponding to each magnitude and shown together in Figure 4.8. 
Period (s) 
Figure 4.6: Displacement spectra for a magnitude Ms7 event at 10km for a rock site, using the 
attenuation equation of Bommer et al. (1998) 
Period (s) 
Figure 4.7: Spectral ratios, corresponding to Figure 4.6, for a magnitude NC7 event at 10km and 
for a rock site, using the attenuation equation of Bommer et al. (1998) 
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Figure 4.8: Spectral ratios for 20% damping for the magnitude range M55.5-8 at 10km and for a 
rock site, using the attenuation equation of Bommer et al. (1998) 
The results for the remaining three attenuation equations are presented in Figure 4.9, 
also for the spectral ratio of 20%. 
These results from the four ground-motion prediction equations are unanimous in 
displaying a trend of reducing spectral ratio with an increase in magnitude for periods 
greater than about 0.3s. This trend is consistent at damping values other than 20%. This 
can also be interpreted as the spectral displacement reducing as the magnitude increases. 
With reference to Figure 4.9, the relationship of Berge-Thierry et al. (2003) that leads to 
steep variations at around 4s may be explained by the authors use of an excessive usable 
period range. As described in Section 2.2, the usable period range is defined by the filter 
cut-off period multiplied by a factor, where the factor ranges from 0.3 for analogue 
recordings to 0.7 for digital recordings. Berge-Thierry et al. (2003) adopted a factor of 
2.5; hence the results of Figure 4.9 may be valid up to 3s only. 
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Figure 4.9: Spectral ratios for 20% damping for the magnitude range M5.5-8 at 10km and for a 
rock site, using the attenuation equations of (top) Trifunac and Lee (1989), (middle) Boore et al. 
(1993) and (bottom) Berge-Thierry et al. (2003) 
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Figure 4.10 illustrates the variation in the scaling factors for the four ground-motion 
prediction equations, at all relevant damping values, at a period of 2s (the longest period 
presented by Boore et al., 1993). 
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Figure 4.10: Variation of the spectral ratios (relative to the 5% damped ordinates) at T=2.0 s 
with earthquake magnitude inferred from median values obtained from the four predictive 
equations in Table 4.1. 
The results of Figure 4.10 all show that the spectral ratio decreases with an increase in 
magnitude, although this occurs to different extents. Note that the results of Boore et al. 
(1993) are curved as the attenuation equation contains two magnitude terms, one of 
which is a quadratic function. It is reasonable to assume that the more pronounced 
magnitude dependence of the Bommer et al. (1998) spectral ratios, for the 25% and 
30% damping, would be displayed by the other attenuation equations had they provided 
the necessary coefficients. For the 30%-damped results of Bommer et al. (1998), the 
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spectral ratio decreases by 15% as the magnitude increases from 6 to 7.5. It should be 
noted that obtaining results up to magnitude 8, slightly extends the range of 
applicability of the four attenuation equations. 
In the case of SMSIM (2003), the same scenario was adopted as for the attenuation 
equations, which was a rock site at 10km source-to-site distance; the magnitude was 
then increased from 1‘4,5.5-8 and the results observed. The same process was adopted 
of producing the spectral ordinates at various damping values and deriving the spectral 
ratios with respect to 5% damping. Figure 4.11 illustrates the variation in spectral ratios 
at a period of 2s and confirms the results obtained thus far; the spectral ratio decreases 
with an increase in magnitude. 
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Figure 4.11: Variation of the spectral ratios (relative to the 5%-damped ordinates) at T=2.0 s, 
with earthquake magnitude inferred from stochastic simulations 
4.3.2 Influence of source-to-site distance 
The ground-motion prediction equation of Trifunac and Lee (1989) includes exactly the 
same attenuation terms for spectral ordinates at the selected damping levels hence the 
variation of the spectral ratios with distance cannot be inferred. In the case of the other 
three attenuation equations, median response displacement spectra were generated with 
increasing source-to-site distance from 0-100 km, while keeping the magnitude constant 
at Ma and the site class constant as rock. Figure 4.12 illustrates the displacement 
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spectra at the selected damping values, for the case of a source-to-site distance of 50km, 
for the Bommer et al. (1998) equation. Figure 4.13 illustrates the corresponding spectral 
ratios with respect to 5% damping. 
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Figure 4.12: Displacement spectra for a magnitude 1\4,7 event at 50 km for a rock site, using the 
attenuation equation of Bommer et al. (1998) 
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Figure 4.13: Spectral ratios for a magnitude N 57 event at 50km for a rock site, using the 
attenuation equation of Bommer et al. (1998) 
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Figure 4.14 illustrates the results for the three attenuation equations. The spectral ratio 
of 20% with respect to 5% damping were extracted from each set of spectral ratio 
curves corresponding to each source-to-site distance. 
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Figure 4.14: Spectral ratios for 20% damping for a source-to-site distance range of 3-100 km, 
for M7 and a rock site, using the attenuation equations of (top) Boore et al. (1993), (middle) 
Bommer et al. (1998) and (bottom) Berge-Thien-y et al. (2003) 
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The results from Figure 4.14 are again unanimous in showing that the spectral ratio 
decreases with an increase in source-to-site distance, at intermediate periods. Although 
the difference in spectral ratio across the source-to-site distance range is not as 
pronounced as for the magnitude case, there exists a definite trend that cannot be 
ignored. Figure 4.15 simplifies the results for Boore et al. (1993) and Bommer et al. 
(1998) by plotting the results at intermittent source-to-site distances. 
Figure 4.15: Variation of the ratios of 20%-damped spectral ordinates to the 5%-damped 
ordinates with source-to-site distance (measured from the surface projection of the fault rupture) 
from the equations of Boore et al. (1993) and Bommer et al. (1998) for an earthquake of 
magnitude 7. 
As observed in Figure 4.15, the effect of source-to-site distance is greatest at closer 
distances. However the datasets used to derive the ground-motion prediction equations 
contained very few near-fault recordings and so the results for short source-to-site 
distances should be used with some caution. 
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The combined influence of magnitude and source-to-site distance on the spectral ratios 
is significant. The results from the Bommer et al. (1998) equation show that for the case 
of 30% damping and at a period of 2s, the ratio decreases from 0.68 for a magnitude 
M55.5 earthquake at 5km source-to-site distance to 0.51 for a magnitude K7.5 event at 
50km, which is a reduction of 25%. This adjustment for magnitude and source-to-site 
distance has obvious implications on the displacement adopted for design. 
4.3.3 Influence of site classification 
The influence of site class on the spectral ratios could be observed with all four ground-
motion prediction equations. The magnitude was kept constant at M7 and the source-to-
site distance was also constant at 10km. The results from the four equations are 
presented in Figure 4.16: 
Figure 4.16: Variation of the spectral ratios (20% to 5% damped ordinates) with site 
classification inferred from median values obtained from the four predictive equations in Table 
4.1. 
154 
The study of Trifunac and Lee (1989) uses 'basement rock', 'intermediate' and 
`alluvium' to classify the sites and their results, at intermediate periods, show that the 
spectral ratio decreases very slightly as the site tends to softer soils. 
The same site classification scheme is adopted by Boore et al. (1993) and Bommer et al. 
(1998), which depends on the Vs30 or shear wave velocity over the topmost 30m of soil. 
The three site classes are divided by the boundary values of Vs30 of 360m/s and 760m/s. 
The results of Bommer et al. (1998) do not show a consistent pattern but it is 
acknowledged that there are uncertainties regarding the site class of a large proportion 
of strong-motion stations in Europe and the Middle East. 
This same conclusion can be adopted for the Berge-Thierry et al. (2003) results, which 
are also based on a European dataset (apart from 17% of the dataset, which comes from 
the US). Their results show that the scaling factors are lower for 'rock' than for 
`alluvium' but the results are inverted at periods greater than 5s. Note that these results 
at such long periods were not shown in Figure 4.16 in order that the four sets of results 
would be visually comparable. 
Amongst the four studies, the only one for which most recording station site 
classifications may be considered reliable is Boore et al. (1993), which show that the 
spectral ratios for stiff soil and soft soil are appreciably lower than those for rock. 
However, these results should also be used with caution as the number of rock sites in 
their dataset is limited. 
A final note is that the influence of site class on the spectral ratios can, in certain cases, 
be very strong; an obvious example would be the Mexico City recordings of the 1985 
Michoacan earthquake (Figure 4.17). 
This figure shows the acceleration time history, the displacement spectra at various 
damping levels as well as the 30% to the 5%-damped spectral ratios, compared with 
EC8 (CEN, 1994, 2004). The spectral ratios are very low at the dominant period of this 
narrow-band signal. 
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Figure 4.17: Top: N90° component of the recording from the soft soil site at SCT of the 19 
September 1985 Michoacan, Mexico, earthquake. Middle: Displacement response spectra for 
various damping levels; Bottom: Ratio of 30% to 5% damped ordinates compared with EC8 
(CEN, 1994, 2004) 
4.3.4 Influence of near-fault directivity effects 
The background information to near-fault directivity effects can be found in Section 2.3 
of Chapter 2. Suffice to say that near-fault ground-motions, affected by forward rupture 
directivity, have been observed as particularly damaging and their characterisation is a 
major concern in earthquake engineering. In view of this, Priestley (2003) proposed a 
scale factor for the special case of near-fault recordings exhibiting the forward 
directivity pulse: 
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This is the square root of the EC8 (CEN, 2004) scaling factor and Priestley (2003) 
explained the reasoning behind it as follows: the velocity pulse in the near-fault region 
may reduce the effectiveness of the damping. The applicability of Equation (4.10) is 
investigated using the well known Lucerne near-fault recording of the 1992 Landers 
earthquake in California. Figure 4.18 shows the pseudo-velocity response spectrum of 
the resolved fault-normal component, as analysed by Somerville et al. (1997), as well as 
the acceleration, velocity and displacement time-histories. The velocity pulse has a 
period close to 4s, which clearly manifests on the pseudo-spectral velocity spectrum. 
Figure 4.18: Fault normal component of the Lucerne accelerogram from the 1992 Landers 
earthquake: 5%-damped pseudo-velocity response spectrum and time-histories of acceleration, 
velocity and displacement. 
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The displacement spectra at various damping values, and the corresponding spectral 
ratios, of the Lucerne record, are shown in Figure 4.19. 
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Figure 4.19: Displacement spectra of the fault normal component of the Lucerne accelerogram 
from the 1992 Landers earthquake and spectral ratios, normalised to the 5% ordinates, 
compared with the ratios given by Equation (4.10) and the scaling factor of EC8 (CEN, 2004) 
It is important to state that conclusions should not be made from a single record; 
however, this record is a perfect example of almost all the energy of the ground-shaking 
being concentrated in a single velocity pulse. By observing the spectral ratios of Figure 
4.19, the short-period fluctuations are the result of high-frequency excitation in the 
record, due to a thin soil layer at the site. The average values, at most periods, tend to 
Equation (4.10) but in the region of the velocity pulse itself (about 4s), the ratios tend to 
the EC8 (CEN, 2004) scaling factor. 
The 5%-damped displacement spectrum shown in Figure 4.19 does display the velocity 
pulse at approximately 4s as a displacement peak but this is smoothed out at higher 
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damping values. This requires further investigation and should be carried out at the 
same time as refining models for the displacement spectra due to near-fault ground 
motions. Therefore Equation (4.10) proposed by Priestly (2003) appears to be an 
appropriate modification factor for the effects of forward directivity but it is also 
necessary to ensure that the forward directivity pulse itself is captured in the definition 
of the 5%-damped spectrum. 
4.4 	Interpretation of Results 
The results of Section 4.3 indicate that the spectral ratios are strongly dependent on 
earthquake magnitude, dependent on the source-to-site distance and weakly dependent 
on the site classification. These three influences are consistent with the ratios being 
dependent on the strong-motion duration. As observed, the spectral ratios decrease with 
an increase in both magnitude and source-to-site distance, which indicate that spectral 
ratios decrease with an increase in duration. 
There are currently more than 40 definitions of duration in the literature and Bommer 
and Martinez-Pereira (1999) grouped them into three generic categories: bracketed, 
uniform and significant duration. In their paper, the authors also highlighted that the 
most important distinction amongst definitions is whether the time interval is 
determined from absolute levels of motion or from relative proportions of the maximum 
amplitude or Arias intensity. As this investigation into damping reduction factors 
observes the ratios of spectral displacements for oscillators with different levels of 
equivalent viscous damping, the appropriate definitions would be those based on 
relative measures, such as significant duration. Significant duration is defined as the 
interval between the times at which two specified levels, such as 5% and 95% or 5% 
and 75% of the total Arias intensity are reached (Trifunac and Brady, 1975). Predictive 
equations for significant duration indicate that the duration of shaking grows strongly 
with magnitude (this holds for all duration definitions) and also increases with an 
increase in source-to-site distance. With reference to site class, the increase of duration 
of soil sites is small in comparison to rock site (Figure 4.20). 
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Bommer and Martinez-Pereira (1999) found that the strong-motion duration is not 
strongly dependent on site class, when it is defined only by the uppermost layers at the 
site. However, the duration of shaking can be prolonged at certain soil sites but is 
interpreted as being due to two- and three-dimensional basin effects and the effect of 
`trapped' energy (Trifunac and Novikova, 1995). Therefore the lack of clear trends in 
most of the graphs of Figure 4.16 is consistent with duration being the underlying cause 
of the variation in the spectral ratios. The graph of Boore et al. (1993) in Figure 4.16 is 
the only one derived from a consistent and reliable site classification scheme. The 
results for all four attenuation equations show a separation of spectral ratios for soil and 
rock. The soil results will invariably contain some basin sites, and so the lower spectral 
ratios predicted for these sites are probably due to the prolongation of shaking at such 
locations. 
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Figure 4.20: Predicted median values of significant duration from the equations of Abrahamson 
and Silva (1996) for the significant duration based on 5-75% of the total Arias intensity 
The effect of near-fault rupture directivity, supported by the reduction of the spectral 
scaling factors derived by Priestley (2003), is consistent with the controlling parameter 
being duration. This is endorsed by the model of Somerville et al. (1997), which 
predicts a reduction of 60% of the significant duration (5-75% of Arias intensity) due to 
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forward rupture directivity, experienced by the Lucerne accelerogram (Figure 4.18). It 
should be noted that a study by Makris and Chang (2000) was carried out to look at the 
response of damped oscillators when subjected to ground motions recorded near the 
source of strong earthquakes. They found that generally the motions resemble cycloidal 
pulses; however the response of structures with low-to-moderate periods is significantly 
affected by high-frequency fluctuations that often override the long-duration pulse. 
With reference to Figure 3.28 of Chapter 3, there is a case that appears to contradict the 
interpretation that spectral ratios are duration-dependent. The spectral ratios of Tofis and 
Faccioli (1999), derived from the Mw6.9 Kobe earthquake, are greater than the Bommer 
et al. (2000) spectral ratios, derived from a dataset of magnitude range 5.5-7. However 
the explanation resonates with duration being the controlling parameter, the Kobe 
earthquake was an almost pure bi-lateral fault rupture hence the duration of shaking at 
near-fault sites was approximately half of that expected from a unilateral rupture 
(Bommer and Martinez-Pereira, 1999). By using Figure 4.20, the impact of a bi-lateral 
rupture on the duration of shaking is equivalent to reducing the magnitude by one unit 
to Mw6. Bi-lateral ruptures in large earthquakes are rare (McGuire et al., 2002) but 
another important, almost pure bi-lateral rupture was the 1989 Loma Prieta (California) 
earthquake (Mw6.9). Recordings from this earthquake make up 44% of the Boore et al. 
(1993) dataset and so the magnitude-dependence inferred from their equations may be 
even higher. 
Only one study, Atkinson and Pierre (2004), of the 31 reviewed documents of Chapter 3 
investigated whether spectral ratios were dependent on magnitude and distance. The 
dependence was found to be weak except for damping values less than 5%, where there 
was a pronounced increase in the spectral ratio with an increase in distance; this was 
attributed to the duration of the ground motion. They also noted that the differences 
between response spectra for varying damping levels should be greatest for long-
duration signals, as they have time to develop a stationary response and can fully realise 
the effect of damping. Atkinson and Pierre did not further mention the influence of 
magnitude or distance on the spectral ratios. 
Considering the sine-wave results of Section 4.2, they gave a good indication that 
spectral ratios are duration-dependent; note that duration is represented by the number 
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of cycles of motion in Figure 4.5. The spectral ratio decreases with an increase in 
duration. In this sine-wave test, the spectral ratios are very low (Figure 4.5) compared 
with the spectral ratios in Figures 3.28-3.33 of Chapter 3, for the reviewed technical 
papers and design codes. This highlights that general trends may be observed using 
harmonic signals but they are not comparable to non-stationary earthquake signals. 
The effective number of cycles of motion in accelerograms may be counted in 
numerous ways, and varies as much as the duration definitions (Hancock and Bommer, 
2005). The equation of Liu et al. (2001) is adopted, which considers the equivalent 
number of cycles of motion at 65% of the maximum amplitude. For a site at 10km from 
the source, the equation predicts that the number of full cycles will be 3 for Mw5.5, 5 for 
Mw6.5 and 10 for Mw7.5. By observing the bottom graph of Figure 4.5, for the case of 
the spectral ratio for 30% damping: increasing the number of cycles from 3 to 10, 
results in a reduction of spectral ratio of 40%. This value of 40% is twice that inferred 
by the Bommer et al. (1998) equation, for the same magnitude increase from 5.5 to 7.5. 
This difference can be attributed to the fact that transient earthquake ground-motions are 
not harmonic signals and so the spectral ratios from accelerograms will be higher than 
those obtained from the sine-wave test. It should be noted that there are special cases, 
such as the Mexico City accelerogram of Figure 4.17, which came very close to 
reaching the steady-state as a result of the response of the lacustrine deposits underlying 
the city. At the dominant period of about 2s, the spectral ratio for 30% damping was 
about 0.25, which is tending to the value of 0.167 for steady-state response to harmonic 
excitation. 
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	5.0 	DURATION-DEPENDENT AND CYCLE-DEPENDENT 
MODIFICATION FACTORS FOR DISPLACEMENT SPECTA 
Within the last chapter, duration was identified as a key parameter in reducing 
displacement spectral ordinates for damping (Bommer and Mendis, 2005). However, as 
current damping reduction factors are a function of the damping only, a natural 
progression is to derive duration-dependent scaling factors. The NGA dataset (PEER, 
2005) is adopted for this work and the spectral ratios of 1704 records, are plotted 
against their respective durations. This procedure is carried out for various damping 
values. Regressions are performed on the results to define duration-dependent scaling 
factors and the scatter in the data is also explored. In addition, cycle-dependent scaling 
factors are also derived, as a means of exploring the effect of the number of cycles of 
motion on the reduction of spectral displacement ordinates for damping. Finally, the 
newly-defined duration-dependent scale factors are compared to those in Eurocode 8 
(CEN, 2004). 
5.1 	Spectral Ratios for the NGA Dataset 
The NGA dataset is adopted for this statistical study. There are a total of 3547 records 
in the NGA dataset, but this includes 1812 records from Chi Chi, Taiwan. These Chi 
Chi records are discarded to remove the bias that may arise from the inclusion of such a 
large number of records resulting from one earthquake plus aftershocks. From the 
remaining 1735 records, another 31 are removed as they lack information such as the 
source-to-site distance, the site class or the PGA value, thus resulting in a dataset of 
1704 records. This reduced dataset of 1704 records has a magnitude range of Mw4.4 to 
Mw7.9 and source-to-site distance range of 5 to 414 km. A magnitude-distance scatter 
plot is produced to observe the nature of the dataset (Figure 5.1). 
In order to derive a duration-dependent scaling factor, the basic relationship between the 
spectral ratios at various damping levels and the duration is required. In order to obtain 
the spectral ratios, the response spectral ordinates at 10 damping values up to 55%, for a 
selection of periods up to 5s, are first obtained. The next step involves the calculation of 
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the spectral ratios with respect to the 5%-damped ordinates, for the 10 selected damping 
values of 10% to 55% at intervals of 5%. The value of the spectral ratio is found to 
fluctuate across the period range and so to reduce the influence of individual peaks and 
troughs on the spectral shape, the spectral ratio is calculated at 0.1s intervals from 1.5s 
to 3s and the average value is calculated. As identified in the literature review of 
Chapter 3, and confirmed in the analysis carried out in Chapter 4, damping reduction 
factors are independent of the period across this period range. 
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Figure 5.1: Magnitude-distance scatter plot for the selected 1704 records of the NGA dataset. 
The data points are distinguished by their NEHRP-2000 (FEMA, 2000) site class. 
5.2 	Selection of the Duration Measure 
The strong-motion duration of each accelerogram is also calculated. There are numerous 
duration definitions in the literature (Bommer and Martinez-Pereira, 1999) and the 
significant duration is selected for this work. The significant duration is measured as the 
interval between the times at which specified proportions of the total Arias energy are 
accumulated. The two common limits are 5-95% and 5-75% of the total Arias intensity. 
The difference is that the 5-95% captures the complete wave train whereas the 5-75% 
isolates that part of the motion associated with the body-wave radiation. As shown by 
Figure 5.2, the two duration measures give very different results. 
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Figure 5.2: Predicted median values of strong-motion duration using the equations of 
Abrahamson and Silva (1996). 
The 5-95% definition is selected for this application since the influence of damping on 
the response is likely to depend, at least at longer periods, on the entire signal rather 
than purely the P- and S-waves. The duration data was missing for 5 of the records so 
the dataset is reduced again to contain 1699 strong-motion records. 
5.3 	Results of Analysis 
Scatter plots of the spectral ratio (with respect to the 5%-damped ordinates) versus the 
significant duration based on 5-95% Arias intensity, at each of the 10 damping values 
are produced. The case of the spectral ratio of 35%-damped to the 5%-damped ordinates 
is taken as the example to present the general findings of the analysis (Figure 5.3). A 
similar plot was obtained for each of the other 9 damping values. 
Although there is a great deal of scatter, it is possible to see that the general trend of the 
data in Figure 5.3 follows the curve of the third graph of Figure 4.5 (Chapter 4). This 
shows the simple theoretical case whereby the spectral ratio is plotted against the 
number of cycles of motion for a SDOF system subject to harmonic motion. Both 
figures show that the spectral ratio decreases with an increase in duration. 
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Figure 5.3: Initial scatter plot of the calculated spectral ratios of the 35%-damped to the 5%- 
damped displacement ordinates (averaged between 1.5 and 3.0s) against significant duration. 
Note that the steady-state value is 0.143 
Also of interest is the unexpected existence of spectral ratios greater than 1. On further 
investigation of these particular records using Seismosignal (Seismosoft 2004), it was 
found that although the 5%-damped ordinates are on the whole greater than the 35%-
damped ordinates, there are local period ranges where the ordinates cross over. 
5.4 	Regression Analysis and Duration-Dependent Scaling Factors 
The next step involves clarifying the results before regression of the data can be 
performed. This process involves placing the spectral ratios in ascending order of 
duration and grouping the durations into 1 s-intervals. The mean value spectral ratio, as 
well as the minimum, maximum and standard deviation, is then found within each 
duration interval. The resulting information can then be plotted against the duration 
(Figure 5.4). It is at this stage that the duration is limited to 30s as this is considered to 
cover the range of magnitudes and distances of most relevance to seismic design in 
Europe and also because the number of records with a duration greater than 30s is rather 
small. In addition, the duration from 0- 1 s is not included in the results as there are only 
two records with a duration that fall into this category; this sample is too small to give 
reliable results and a duration between 0- 1 s is both unusual and unlikely to be of 
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engineering significance. All other duration intervals contained 12 to 95 records. 
Therefore after the removal of the records with a duration greater than 30s, less than ls 
and those with a spectral ratio greater than 1, the final sample contains approximately 
1500 strong-motion records. 
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Figure 5.4: Calculated spectral ratios of the 35%-damped to the 5%-damped displacement 
ordinates (averaged between 1.5 and 3.0s) against significant duration. The mean and standard 
deviation values are also shown 
This figure clearly shows and confirms that the spectral ratio decreases with an increase 
in duration as indicated by the simple theoretical case of the damped SDOF oscillators 
subject to harmonic motion. The main difference is that for harmonic excitation, the 
response rapidly reaches the steady state and the implied spectral scaling factor is 
simply the inverse ratio of the damping values. For the case of the 35%-damped to 5%-
damped spectral ordinates, the simple theoretical case results in a spectral ratio of 0.143, 
which is much lower than that shown in Figure 5.4. In addition, in Figure 5.3, where the 
significant duration based on the 5-95% Arias intensity extends to 140s, the scaling 
factors are always much larger than the steady-state response values. The results for the 
other 9 damping values also follow the same trend as shown in Figure 5.5, and 
regressions can now be performed to derive a duration-dependent scale factor. A 
logarithmic relationship appeared to fit the data most closely (Figure 5.5). 
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Figure 5.5: Figure to show the general trend for all 10 damping values; the spectral ratio is 
decreasing with an increase in duration. Also shown is the log function best fit curve for the 
10%-damping case 
The logarithm of the data points are first plotted against duration on a log scale (Figure 
5.6) and this allows for a trendline to be identified, the data points lie on an approximate 
straight line up to 27s. 
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Figure 5.6: Spectral ratio versus log duration for the case of the 35%-damped ordinates to the 
5%-damped ordinates 
The following log-linear Equation (5.1) is then used to best fit the curves up to 27s, in 
the ordinary least squares regression: 
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y = Co + C, log,o (x) 	 (5.1) 
where y is the spectral ratio, x is the significant duration, Co is the intercept and: 
ExI — .y 
Ex;  Ex; — 
(5.2) 
where n is the number of data points. The data of Figure 5.6 is fitted well by Equation 
(5.1) and an equation for each of the 10 damping values is derived up to durations of 
30s. In all cases, the value of the intercept Co is very close to 1.0. Therefore the 
regressions are repeated, constraining the coefficient Co to 1.0 and the functional form 
remains a good fit, with a correlation coefficient (R2 ) of 0.97 or higher for all 10 cases; 
the results are shown in Table 5.1: 
Table 5.1: Value of coefficient CI and the correlation coefficient R2 
Damping level (%) C1 R2 
10 -0.164 0.97 
15 -0.247 0.97 
20 -0.299 0.97 
25 -0.335 0.97 
30 -0.360 0.97 
35 -0.378 0.97 
40 -0.392 0.97 
45 -0.403 0.97 
50 -0.411 0.97 
55 -0.417 0.97 
By using Equation (5.1), it is now confirmed that the functional form of Equation (5.3) 
provides a good fit to the data for each of the 10 damping values resulting in 10 
equations, where Ds is the 5-95% significant duration: 
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(5.3) 
As a trend is observed (Table 5.1) and in order to simplify these equations and obtain 
one duration-dependent equation, a second regression is carried out on the C1 
coefficients against the damping ratio. The best way in which to carry out this next step 
is to simply plot the C1 coefficients for all 10 equations against the damping ratio and 
find the best fit curve to the data (Figure 5.7). 
Damping Ratio (%) 
Figure 5.7: Regression of C1 coefficients for all 10 damping values, plotted against the damping 
ratios 
A natural logarithmic function, Equation (5.4) is found to provide the closest fit, with a 
correlation coefficient R2 of 0.974. 
C, = 0.15 — 0.1461n() 	 (5.4) 
A simple conversion of the natural logarithm to the base 10 logarithm provides 
Equation (5.5): 
C1 = 0.15 — 0.336logio () 	 (5.5) 
By substituting Equation (5.5) into Equation (5.3), the following duration-dependent 
Equation (5.6) is obtained (Mendis and Bommer, 2006a): 
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This spectral reduction factor is valid for all damping ratios from 10% to 55% and for 5-
95% significant durations from 1-30s. Note that there are only two records from the 
dataset of 1500 records for which the significant duration (5-95%) is less than 1. With 
reference to Figure 5.4, the standard deviation of the residuals of the mean results is 
0.0542. 
Figure 5.8 displays the scaling factors predicted by Equation (5.6) for a range of 
damping values and durations. The results indicate that the dependence on duration 
reduces with increasing duration and, as already indicated by Equation (3.17), that the 
impact of the damping on the scaling factors decreases with an increase in damping. 
The joint influence of the two factors however is significant, as shown by the following 
example: the scaling factor for 40% damping and a ground motion of 10 seconds 
duration is greater (i.e. less reduction) than that for a damping of 20% and a motion 
with a duration of 30 seconds. 
5 	10 	15 	20 	25 	30 
Significant Duration based on 5-95% Arias intensity (s) 
Figure 5.8: Proposed scaling factors for spectral displacement ordinates, at intermediate 
response periods, as a function of damping ratios and significant duration. 
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5.4.1 Investigating the scatter in the results 
Figure 5.4 displays much scatter from the mean results and this section investigates why 
this should be the case. With reference to Figure 5.9, the highlighted bar at a duration of 
20.5s is selected for further consideration, as the range of spectral ratios within this 
duration bin is one of the largest. In addition, the number of records is reasonable, at 38, 
and may be managed more easily. Other bars had only a slightly larger range of spectral 
ratio but contain approximately 70 records. This work questions why the spectral ratios 
show such variation, ranging from 0.35-1, for a group of records with the same 
duration. 
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Figure 5.9: Selection of duration bin for further investigation into the scatter in the results 
For this study, 10 records with the highest spectral ratios of the group, along with 10 
records with the lowest spectral ratios are selected for further investigation. Using 
SeismoSignal (SeismoSoft, 2004), information on each of the 20 records is obtained; 
this includes the acceleration and velocity time histories and the acceleration and 
displacement spectra for 5%- and 35%-damping. It is the displacement spectra at 5%-
and 35%-damping, which are used to calculate the spectral ratio, which highlight why 
the spectral ratios vary so much within one duration bin. For this work, the average 
spectral ratio is calculated across the period range 1.5 to 3s; this is historically accepted 
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by researchers as the range across which the displacement spectral ordinates are 
considered to be constant. With reference to Figure 2.2 in Chapter 2, control periods TD 
to TE define this constant displacement plateau. However this investigation highlights 
that the constant displacement response occurs across very different period ranges for 
different earthquake records, but the averaging process does not recognise this. Figure 
5.10 presents the displacement spectra for two records with the lowest spectral ratio 
(0.35 and 0.37) and two records with the highest spectral ratio (0.85 and 0.99), taken 
from the significant duration bin of 20.5s. 
Figure 5.10: Displacement spectra at 5% damping (solid line) and 35% damping (dashed line). 
The first and second plots are used to derive spectral ratios of 0.35 and 0.37 and the third and 
fourth plots are used to derive spectral ratios of 0.85 and 0.99 respectively. The first plot is for 
an earthquake M„,(6.9), source-to-site distance 72km and site class C, the second is for and 
earthquake M,(5.8), source-to-site distance 57km and site class D, the third is for an earthquake 
Mw(6), source-to-site distance 108km and site class D and the fourth is for an earthquake 
M,(4.8), source-to-site distance 33km and site class C. 
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As shown in the first two plots of Figure 5.10, the result of a low value of spectral ratio 
is clear, as the 5%-damped spectrum is much larger than the 35%-damped spectrum 
over the period range considered. The period range 1.5-3s only just encompasses the 
constant displacement plateau, with approximations of TD at 2s and TE at 4s for the first 
plot and TD at 1.8s and TE at 3.3s for the second. The third and fourth plots of Figure 
5.10 clearly show that the spectral ratio is large due to the small difference between the 
5%- and 35%-damped spectra. In fact both spectra are tending towards PGD at this 
period range of 1.5-3s and the constant displacement plateau occurs much earlier with 
approximations of TD at 0.8s and TE at 1.4s for the third plot and TD at 0.4s and TE at ls 
for the fourth. 
These findings question the averaging process that takes place across the adopted period 
range of 1.5-3s, at which the displacement response is assumed to be constant, for the 
definition of damping reduction factors. The implications of these findings are that the 
spectral ratios should be calculated on a record by record basis, which is impractical 
with current datasets containing more than 1000 records. The shape of each 
displacement spectra needs to be anticipated somehow, so that the spectral ratio may be 
calculated from control period TD to TE, which defines the constant displacement 
plateau. For future work, it is suggested that control periods TD and TE are defined by 
using some feature of the earthquake record that has been shown to influence the shape 
of the displacement spectra, such as magnitude or site class (Chapter 2). This will allow 
the correct period range to be determined for calculation of the spectral ratio, without 
having to extract this information from the displacement spectra for every record. 
5.5 	Regression Analysis and Cycle-Dependent Scaling Factors 
5.5.1. Correlation between duration and the number of cycles of motion 
Following the interesting results obtained for duration-dependent scaling factors, cycle-
dependent scaling factors are also investigated. It is important to note that extensive 
investigations have been carried out to determine the correlation between the duration 
and number of cycles of motion (Hancock and Bommer, 2005; Hancock et al., 2006). 
These papers highlight that there is generally poor correlation between the number of 
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cycles and the duration; further details can be found in the referenced papers. The best 
correlation is obtained between the uniform duration (measured as the total time during 
which the motion is above a threshold of 10% of PGA) and the number of cycles. This 
correlation is to be expected as this duration measure identifies the strong cycles of 
motion and neglects the rest of the record. However, the correlation is still considered to 
be relatively poor. Hancock and Bommer (2005) also found that out of the significant 
duration measures, the 5-75% of the Arias intensity provides better correlation with the 
number of cycles than the 5-95% results. 
5.5.2 Selection of the number of cycles measure and its range 
Hancock and Bommer (2005) recommended that range counting, from a choice of 5 
measures, is the best measure of the number of cycles of motion for a given application. 
With regards to range counting, rainflow range-counting is the most popular, as it 
counts both high- and low- frequency cycles in broad-banded signals, where each full 
cycle range is split into two equal half-cycle peaks. Therefore for this work regarding 
the derivation of a cycle-dependent scaling factor, the rainflow range counting, 
converted relative to PGA with an exponent of 2 (Nrr(2)) is selected (Hancock and 
Bommer, 2005) 
The number of cycles of motion is important in the study of liquefaction potential 
whereas the ground-motion duration is required for structural applications. Much 
investigation has been conducted to try and relate the expected number of cycles for any 
given earthquake magnitude, but Figure 5.11 shows that there is no conclusive 
agreement amongst the studies. 
A number of suggestions are made to account for such differences and the reader is 
referred to Hancock and Bommer (2005) for further information. Liu et al. (2001) was a 
study related to soil liquefaction, and the functional form used includes magnitude, 
source-to-site distance and site classification. Their work concluded that a magnitude of 
7.5 is generally related to 15 cycles of motion and a magnitude of 8 is related to 25 
cycles of motion. For this investigation into cycle-dependent scaling factors, the 
maximum number of cycles is selected as 32. This is chosen by observing the majority 
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of data points from the scatter graphs of spectral ratio against the number of cycles, 
whilst also bearing in mind the findings of Liu et al. (2001). 
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Figure 5.11: Predicted median values of the number of effective cycles at 65% maximum 
amplitude as a function of magnitude, from numerous studies, taken from Hancock and 
Bommer (2005) 
5.5.3 Results of the regression analysis 
Scatter plots of the spectral ratio (with respect to the 5%-damped ordinates) versus the 
number of cycles at each of the 10 damping values, from 10 to 55% at 5% intervals, are 
produced. The same values of spectral ratio, as used in the derivation of the duration-
dependent scaling factors, are adopted and the initial number of the records in the 
dataset is also 1699. The case of the spectral ratio of 35%-damped to the 5%-damped 
ordinates is taken as the example to present the general findings of the analysis (Figure 
5.12). A similar plot was obtained for each of the other 9 damping values. 
From Figure 5.12 it can be observed that the results are similar to those obtained for the 
spectral ratio versus the significant duration, as presented in Figure 5.3. As noted in 
Section 5.5.2, the majority of the data lies in the range of about 1 to 32 cycles, after 
which the data becomes a little sparse. To be more exact, 191 out of 1699 records are 
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not used, which is the data for 32 to 132 cycles. This selected maximum value of 32 
cycles also covers a magnitude range greater than 8 (Liu et al., 2001). 
510 	 ' 160 
Number of Cycles of Motion 
150 
Figure 5.12: Initial scatter plot of the calculated spectral ratios of the 35%-damped to the 5%- 
damped displacement ordinates (averaged between 1.5 and 3.0s) against the number of cycles of 
motion, using rainflow range counting, Nrr(2). 
The next step involves clarifying the results before regression of the data can be 
performed. The process involves placing the spectral ratios in ascending order of the 
number of cycles of motion and grouping them into single cycle intervals or bins. The 
mean value spectral ratio, as well as the minimum, maximum and standard deviation, is 
then found within each cycle interval (Figure 5.13). 
The results are similar to the duration results except the dependence is not as 
pronounced; the general trend is that the spectral ratio decreases with an increase in the 
number of cycles. The results for the other 9 damping values also follow the same trend 
displayed in Figure 5.13, as illustrated in Figure 5.14. In addition, the tendency to 1 at 
zero number of cycles is not so strong and the apparent tendency ranges from 0.85 to 1. 
It should be noted that the first few results are obtained from very small samples; there 
are no records in the bin for 0 to 1 cycle, one record in the bin for 1 to 2 cycles and 12 
records in the bin for 2 to 3 cycles. The number of records in the other cycle bins range 
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from 22 to 82. Therefore these low cycle results are removed from the regressions and 
the cycle-dependent scaling factors are therefore derived from 3 to 32 cycles. 
1b 	 2,0 	 ob 
Number of cycles of motion 
0 
0 
Figure 5.13: Calculated spectral ratios of the 35%-damped to the 5%-damped displacement 
ordinates (averaged between 1.5 and 3.0s) against the number of cycles of motion. The mean 
and standard deviation are also shown 
Number of cycles of motion 
Figure 5.14: The spectral ratio is decreasing with an increase in the number of cycles of motion 
for all 10 damping values. 
Regressions are performed to derive a cycle-dependent scaling factor from the mean 
results of the data. The first step is to plot the logarithm of the data points against the 
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y = -0.051Ln(x) + 0.9823 
R2=0.9401 
20 do 
number of cycles of motion on a log scale. A natural logarithm function appears to best 
fit the data, as shown for the case of 10% damping (Figure 5.15). 
■ 10% 
15% 
20% 
25% 
■ 30% 
■ 35% 
■ 40% 
ra 45% 
50% 
■ 55% 
	 Excel best fit 
Fig 5.15: The spectral ratios are plotted against the logarithm of number of cycles and the 
natural logarithm curve fitting function appears to best fit the data 
The second step is to then plot the spectral ratios against the natural logarithm of the 
number of cycles of motion. A polynomial curve-fitting function appears to provide the 
best fit. Equation (5.7) with coefficients n and in is selected, where y = spectral ratio and 
x = Ln(Nrr). 
y = n.x.2 + mx +1 	 (5.7) 
The coefficients n and in from the equations for the 10 damping values, as well as the 
10 correlation coefficients (R2 ) are provided in Table 5.2. For the second regression, the 
coefficients n and 171 are plotted and best fit curves are found, which define the trend in 
each set of these values, across the range of damping. The best fit curve for coefficient n 
is shown in Figure 5.16 and is defined by Equation (5.8). 
y = 0.0005x — 0.0021 	 (5.8) 
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where x is the damping ratio and the correlation coefficient R2 of Equation (5.8) is equal 
to 0.9989. The best fit curve for coefficient m is shown in Figure 5.17 and the equation 
is given by Equation (5.9). 
y = -0.1145Ln(x) + 0.2042 
	
(5.9) 
Table 5.2: Coefficients n and m and correlation coefficient for each of the 10 equations that best 
fit the data 
Damping (%) N m R2 
10 0.0027 -0.0652 0.9376 
15 0.0057 -0.106 0.9381 
20 0.0085 -0.1361 0.9397 
25 0.0112 -0.1605 0.9405 
30 0.0139 -0.1816 0.9405 
35 0.0166 -0.2003 0.9396 
40 0.0191 -0.2171 0.9382 
45 0.0216 -0.2325 0.9365 
50 0.024 -0.2468 0.9347 
55 0.0264 -0.2603 0.9328 
Damping ratio (%) 
Figure 5.16: Regression of n coefficients for all 10 damping values, plotted against the damping 
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Figure 5.17: Regression of in coefficients for all 10 damping values, plotted against the damping 
Equations (5.8) and (5.9), which define the trend in the coefficients n and m may then 
be placed within Equation (5.7) to obtain Equation (5.10), which is the new cycle-
dependent scaling factor. 
y = 	.0005 — 0.002111n(Nrr)]Z + (— 0.11451n + 0.2042)[ln(Nrr)]+ 1 	(5.10) 
This equation is valid for a range of 3-32 cycles of motion and damping from 10 to 
55%. Note that there are only 13 records from the dataset of 1699 records for which the 
number of cycles is less than 3. The standard deviation of the residuals of the mean 
results is 0.0203. 
Figure 5.18 displays the scaling factors predicted by Equation (5.10) for a range of 
damping values and number of cycles of motion. The results are similar to those 
obtained from the newly-derived duration-dependent scaling factor (Figure 5.8). The 
results indicate that the dependence on the number of cycles reduces with an increase in 
the number of cycles, and that the impact of the damping on the scaling factors 
decreases with an increase in damping. 
This derivation of a cycle-dependent scaling factor has produced some interesting 
results; however, the number of cycles of motion is more relevant to soil liquefaction 
potential. The measure of duration is more related to structures; hence the duration- 
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dependent scaling factor is adopted for comparisons with the existing scaling factor in 
Eurocode 8 (CEN, 2004). 
Number of cycles 
Figure 5.18: Proposed scaling factors for spectral displacement ordinates, at intermediate 
response periods, as a function of damping ratios and the number of cycles of motion. 
5.6 Comparison of the Duration-Dependent Scaling Factors with Eurocode 8 and 
Suggested Modifications to the Code 
The EC8 (CEN, 2004) damping reduction factor is applied to two spectral shapes; the 
Type 1 spectrum is for regions of high seismicity and hazard and Type 2 is for regions 
of NW Europe where magnitudes are unlikely to exceed Ms 5.5. As detailed in Chapter 
2, this is not an ideal representation of the hazard but, coincidentally, makes it possible 
for comparisons to be made with the newly derived duration-dependent scaling factor of 
Section 5.4. The EC8(CEN, 2004) scale factor, Equation (3.17), is used to calculate the 
factor for 35% damping and this is plotted alongside the statistical results shown in 
Figure 5.4 (Figure 5.19). 
With reference to the 5-95% significant duration graph of Figure 5.2, the magnitude of 
an earthquake gives a good indication of the duration of the event. A significant 
duration greater than 16s corresponds to the Type 1 spectrum and a significant duration 
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considerably less than 16s, corresponds to the Type 2 spectrum. It is apparent that there 
is reasonable agreement between the EC8 (CEN, 2004) equation and the statistical 
results at a value of significant duration greater than approximately 16s (Figure 5.19), 
which correspond to the Type 1 spectrum. However at significant durations 
considerably less than 16 s, which correspond to the Type 2 spectrum, the EC8 equation 
is non-conservative as the value of the spectral ratio is less than that obtained in the 
statistical study. The impact will be smaller design spectral ordinates than actually 
required. As this is a potentially dangerous situation and because there is no evidence to 
suggest that a duration-related parameter will become part of the current design process 
any time soon, a new scaling factor of the existing format is now derived for the Type 2 
spectrum. 
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Figure 5.19: Calculated spectral ratios of the 35%-damped to the 5%-damped displacement 
ordinates (averaged between 1.5 and 3s) against significant duration, compared with the EC8 
(CEN, 2004) scale factor for the case of 35% damping 
With reference to Equation (5.6) and Figure 5.19, a value of duration of 5s is chosen as 
representative of the magnitude and source-to-site distance of an event that would 
produce Type 2 spectral response. Any value lower than 5s would be too conservative 
and would also fall into the category of near field data; a higher value would not be of 
any engineering significance as the source-to-site distance would be too far to cause any 
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real damage to a structure at such a low value of magnitude. In Figure 5.20, Equation 
(5.6) at 5s duration is plotted alongside the current EC8 scaling factor (Equation 3.17) 
for varying damping values and it is apparent that the EC8 factor leads to significant 
underestimation of the design displacement ordinates. 
In deriving a new Type 2 factor and maintaining that the new factor must be equal to 1 
at a damping value of 5% of critical, the new scale factor (Equation 5.11) is derived by 
ensuring a good fit to Equation (5.6) at a 5s duration. 
11 = 35  
30+ 
(5.11) 
The three scaling factors are compared in Figure 5.20. 
Eq. (5.6) for 5s duration 
	 Current EC8 factor 
 Eq. (5.11) Type 2 factor 
10 	20 	30 	40 	50 
Damping value (%) 
Figure 5.20: Comparison of the new Type 2 scaling factor (Equation 5.11) with both Equation 
(5.6) at 5s duration and the current scaling factor of EC8 (CEN, 2004) 
Equation (3.17) is a good approximation of the damping reduction factors, as applied to 
the Type 1 spectrum but Equation (5.11) is now recommended for the Type 2 spectrum. 
This is a suggested modification to EC8 (CEN, 2004) that may be implemented 
immediately to ensure safer design. 
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5.7 	Implementation of Results 
As noted in Section 5.6, there is currently no duration parameter presented or used in 
earthquake design codes and it is not likely to be introduced in the foreseeable future 
(Mendis and Bommer, 2006b). Implementation of this new duration-dependent scaling 
factor (Equation 5.6) therefore is rather difficult. Although the shortcomings in the 
EC8(CEN, 2004) approach of specifying separate spectra have recently been 
highlighted (Bommer and Pinho, 2006), Type 1 and Type 2 spectra do allow the 
influence of duration to be considered. 
This work highlights a problem with EC8 (CEN, 2004) as the current scale factor as 
applied to the Type 2 spectrum is non-conservative. As this issue needs to be addressed 
and the code revised, an opportunity presents itself to introduce duration as a parameter 
for design within this particular code. As detailed in Chapter 4, many of the differences 
observed in existing scaling factors reflect different duration characteristics of the 
strong-motion datasets employed in their derivation. This emphasises the need for one 
design code, perhaps Eurocode 8, to take the lead and advocate duration-dependent 
damping reduction factors. An intermediate step, in the meantime, would be the 
implementation of Equation (5.11) as the damping reduction factor for the Type 2 
spectrum. 
The option of producing zonation maps for duration is not a feasible solution, as this 
could result in 5%-damped ordinates driven by one earthquake scenario, being adjusted 
for a duration corresponding to another earthquake scenario. The alternative of mapping 
spectral control parameters for a number of damping levels is cumbersome. The ideal 
solution is to supplement basic zonation maps with disaggregated earthquake scenarios, 
from which the appropriate durations can be estimated. This is a radical new way of 
thinking that provides a logical, and more accurate, approach to earthquake engineering 
design. 
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6.0 REVIEW OF THE EQUIVALENT VISCOUS DAMPING AND 
DUCTILITY RELATIONSHIP 
Direct displacement-based design uses the substitute structure model (Giilkan and 
Sozen 1974; Shibata and Sozen 1976) to determine the effective period and the 
equivalent damping, necessary to define the design displacement (Figure 6.1). 
Force F 
Fyield 
Syield 	 6max Displacement 8 
Figure 6.1: The substitute-structure model developed by Sozen and his associates (Giilkan and 
Sozen 1974; Shibata and Sozen 1976). 
The longer effective period takes account of the 'softening' of the structure and the 
equivalent damping is used to represent the total energy dissipation experienced by a 
structure during an earthquake, and is inherently related to the ductility of the system. 
The relationship between the equivalent damping and the ductility is complex and is the 
subject of numerous technical papers, which are reviewed here. The equivalent 
damping-ductility relationship is acquired from each paper and compared graphically in 
Section 6.3 and discussed. Finally, additional influences on the equivalent damping are 
discussed in Section 6.4. 
6.1 	Background Information 
The equivalent viscous damping, ,equivalent, represents the total energy dissipation 
experienced by a structure during an earthquake. This is comprised of two components: 
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the initial elastic viscous damping, elastic, and the subsequent dissipation of energy 
through hysteresis (non-linear behaviour of the structure), hysteretio as shown by 
Equation (6.1): 
equivalent = elastic + hysteretic 
	 (6.1) 
The elastic damping includes cracking, non-linearity in the elastic phase of response, 
interaction with non-structural elements and soil-structure interaction (Blandon and 
Priestley, 2005). Radiation of the earthquake energy back down through the structure 
into the soil also forms another part of the elastic damping. Until very recently, the 
elastic viscous damping for concrete was assumed to be 5% of critical and Tables 6.1 to 
6.3 provide other elastic damping values for a variety of materials. 
Recent studies such as Priestley and Grant (2005) and Hall (2005) question the 
derivation of these values of the elastic damping and this component of the equivalent 
damping is investigated in detail in Chapter 8. However it is the determination of the 
hysteretic energy dissipation component of Equation (6.1) that is the main focus of this 
chapter, as it is rather difficult to determine its exact value. A number of studies have 
attempted to derive an accurate way of determining 'hysteretic but there was often some 
oversight that rendered the study inconclusive, as highlighted in this critical review. 
The most common way to determine the hysteretic damping is to find the area within 
the stabilised hysteretic force displacement graph for one cycle of motion. 
Table 6.1: Recommended values of elastic damping for various construction systems, taken 
from the 1990 French code (IAEE, 1996) 
Construction system Percentage of 
critical damping 
Welded steel 2 
Bolted steel 4 
Masonry - reinforced/ chained 6/ 5 
Non-reinforced concrete 3 
Reinforced concrete 4 
Prestressed concrete 2 
Wood — laminated glued/ bolted/ nailed 4/ 4/ 5 
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Table 6.2: Recommended values of elastic damping for various materials, taken from Newmark 
and Hall (1982) 
Type and condition of structure Percentage of 
critical damping 
Vital piping 1 to 2 
Welded steel, prestressed concrete, well reinforced 
concrete (only slight cracking) 
2 to 3 
Reinforced concrete with considerable cracking 3 to 5 
Bolted and/ or riveted steel, wood structures with 
nailed or bolted joints 
5 to 7 
The values given are for a working stress of no more than about 1/2 yield point 
Table 6.3: Recommended values of elastic damping for various construction systems, taken 
from the 1981 Japanese code (IAEE, 1996) 
Type and condition of structure Percentage of 
critical damping 
Braced steel and bolted/ riveted steel structures 5 
Welded steel structures 3 
Reinforced concrete or steel-concrete composite 
structures 
5 
Reinforced concrete or steel-concrete composite 
structures with shear walls 
10 
This concept dates back to the work of Jacobsen (1930; 1960), which focused on 
steady- state harmonic input motion. The value of the hysteretic damping was obtained 
by using Equation (6.2), where the energy dissipated by a viscous damper was equated 
with the energy dissipated from non-linear behaviour: 
I COn E i 
hyst 47z- w Es
D
io
„ 
 
(6.2) 
where EDiss is the dissipated energy in one complete cycle, taken as the area within the 
hysteresis loop and Es10 is the elastic strain, taken as the area under the force-
displacement curve. Both systems were subjected to harmonic motion and the hysteretic 
loops were closed to obtain the closed form solution for the displacement. It was 
assumed that the excitation frequency, co, was equal to the natural frequency of the 
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SDOF system, an,, which is the resonance condition. With reference to Figure 6.2, 
Equation (6.3) is obtained where Ahyst is equal to EDi„. This concept, amongst others, is 
reviewed in the ensuing sections. 
1 E.-..ss
= 	
Aityst 
hyst — 4ff E„0 	271- Fouo 
(6.3) 
Figure 6.2: Dissipated and stored energy for (a) viscous damping and (b) hysteretic cycles, 
taken from Blandon and Priestley (2005) 
6.2 	Review of Previous Studies 
Whilst this critical review covers technical papers published over the last 42 years, it is 
by no means exhaustive. However, it does capture the essence of the variety of ways in 
which the equivalent damping is calculated, and the various problems associated with 
these approaches. 
Iwan (1980) 
This paper focused on obtaining inelastic response spectra from elastic spectra; an 
empirical method was outlined, which was based on observations of the response of a 
series of hysteretic models. The response of the SDOF structures are governed by the 
standard equation of motion: 
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02-06-10 	50-06-10 02-10-10 
/J/ 
4007,  
x(t)+ 2cocoo .(t)+ coc;f [x(t)l/ ko = —a(t) 	 (6.4) 
Where: x = 	generalised relative displacement 
4-o= fraction of viscous damping, set to 2% 
coo = natural frequency 
Ax(t)] =generalised restoring force 
ko = nominal stiffness 
a(t) = excitation acceleration 
Six hysteretic models were considered for this work and are shown in Figure 6.3. 
BLH 
	
10-10-00 	02-10-00 
ff,40W 
...050"..q/Affir Ai/ 
Figure 6.3: Load deformation diagrams for the six hysteretic models considered, all have 
monotonically increasing cyclic load amplitude, taken from Iwan (1980) 
The first plot in Figure 6.3 illustrates the case of the bilinear hysteretic restoring force 
model (BLH), which consisted of a combination of a linear and elasto-plastic/ Coulomb 
slip-type element. The other models were described by three sets of two digits, where 
each set of 2 digits represents the following: 
1. The ratio of the strength of a simple elasto-plastic type yielding component of 
the model to that of a degrading component. A ratio of 1.0 is denoted by 10. 
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2. The ratio of the generalised yield displacement of the simple yielding 
component to that of the degrading component. A ratio of 1.0 is again denoted 
by 10. 
3. The ratio of failure loads associated with tensile and compressive failure, for the 
degrading component of the model. A ratio of 0.1 is denoted by 10. 
For example, the yielding component of a reinforced concrete system would be the 
reinforcing steel and the degrading component would be the concrete. These 6 
hysteretic models were all types of bilinear SDOF systems with various degrees of 
pinching. 
The SDOF system was subjected to 12 strong-motion records from the US, with a range 
of PGA of 0.057g to 1.170g (Table 6.4). The Nuclear Regulatory Commission NRC 
1.60 design response spectrum was selected as the target spectrum and can be found in 
the US Atomic Energy Commission Regulatory Guide (1973). An effective peak 
acceleration level A* was determined for each earthquake by finding the scale factor 
necessary to minimise the mean squared difference between the 2%-damped 
displacement response spectrum of each earthquake and the NRC 1.6 design response 
spectrum in a period range of 0.2-4s. The latter spectrum was adjusted to a mean value 
spectrum by subtracting one standard deviation from the published spectrum. This 
scaling of the records over a period range, rather than normalising to PGA, was thought 
to minimise the standard deviation of the results. Table 6.4 provides the information of 
the PGA and effective PGA for the 12 records. 
The response of the SDOF system to each of the 12 records was calculated using 
numerical integration of the differential equation of motion. Target ductility values of 2, 
4 and 8 were selected and the yield level displacement of the structural model was 
varied until these ductility values were achieved. The maximum displacement was 
obtained and was used to construct the inelastic displacement spectra over the period 
range 0.4 to 4s for each hysteretic model and earthquake record, as a function of 
ductility. These were then normalised by the effective peak acceleration, A*, and the 
average spectrum was found for the 12 records. An example of the results, which were 
presented alongside the elastic spectra, is shown in Figure 6.4. 
191 
Table 6.4: The PGA and effective PGA value of each of the 12 records in the dataset, taken 
from Iwan (1980). Also shown is the magnitude of record 
Earthquake record 
(name, date and component) 
M„, PGA(g) Effective 
PGA(g) (A*) 
Vernon, Long Beach, 1933, S82E 6.3 0.154 0.169 
Helena, Montana, 1935, N90E 6 0.145 0.123 
El Centro, Imperial Valley, 1940, SOOE 6.9 0.348 0.410 
Olympia, Washington, 1949, SO4E 7.1 0.165 0.236 
Taft, Kern Co., 1952, S69E 7.4 0.179 0.218 
Eureka, 1954, N11W 6.5 0.168 0.266 
Array No. 8, Parkfield, 1966, N50E 6.2 0.237 0.140 
Borrego Mountain, 1968, S9OW 6.6 0.057 0.125 
Pacoima 	Dam, 	San 	Fernando, 	1971, 
Sl4W 
6.6 1.170 0.952 
8244 Orion Boulevard, first floor, San 
Fernando, 1971, NOOW 
6.6 0.255 0.415 
445 Figueroa Street, San Fernando, 1971, 
S38W 
6.6 0.119 0.174 
Smoothed Golden Gate Park (artificial) 
S80E 
Not known 0.150 0.264 
0.5 	1 	2 
PERIOD (SEC) 
Figure 6.4: Averaged pseudo velocity response spectra for hysteretic system 02-10-00, taken 
from Iwan, (1980). The dashed lines are the elastic spectra 
With reference to Figure 6.4, Iwan (1980) stated that the elastic spectrum for the 5%-
damping curve could be translated to closely fit the inelastic spectrum for a ductility 
value of 2. The author acknowledged that the inelastic system could be related by 
effective linear parameters to a 'shifted' elastic spectrum; there is an equivalent 
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damping and a period shift of the linear system that gives a 'best fit' to the inelastic 
response spectrum. The averaged spectral error was measured as the difference between 
the inelastic and shifted elastic systems. Iwan produced contour plots of the root-mean-
square (rms) averaged spectral error when the period shift, Te/To, and equivalent viscous 
damping, 4, were varied. A typical set of these contour plots are shown for the system 
02-10-10 (Figure 6.5). 
0 	
 1.0 	1.5Te/T 2.0 
	2.5 	 1.0 	1.5 	2.0 
o Te/To 	
2.5 
Figure 6.5: Spectral error contours. Contours are shown for 10, 20, 30, 40 and 50% averaged 
spectral error. The small square within the contours denotes the location of the minimum error, 
taken from Iwan (1980) 
It may be observed that each plot has a valley or trough that runs diagonally through the 
diagram and the spectral error changes much less along this valley than across it. This 
observation was used to establish an empirical formula for the effective period shift and 
damping of the inelastic response spectrum. The optimal period shift and equivalent 
damping was then defined for each hysteretic system by numerically minimising the 
spectral error with respect to the parameters To/To and fie. Therefore, when the spectral 
error was minimised, Te/To equals Tem/To and 4 equals 	which defines an optimal 
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equivalent linear system for any particular inelastic system. The results for ductility 
ratios of 2, 4 and 8 are shown in Table 6.5. 
The error between the spectra was found to be no greater than 6% for the 12 records and 
6 hysteretic models. The period shift was found to be a factor of 0.979 to 2.050 and the 
equivalent damping was found to be in the range of 6 to 12%, for the three ductility 
values and 6 hysteretic models. 
Table 6.5: Optimal effective linear system parameters Tem/To, em and associated root mean 
square averaged spectral error en, for the three selected ductility values 
System Ductility µ=2 
Tem/To (4em-40)% 6.%  
Ductility µ=4 
Tem/To (4ern-40"/0 em% 
Ductility Lt=8 
Tem/To (4.-40)% em% 
BLH 1.130 6.06 5.3 1.317 8.75 3.9 1.573 10.25 5.7 
02-06-10 0.979 5.93 1.7 1.281 11.44 3.5 1.594 11.66 3.2 
50-06-10 1.128 7.68 5.3 1.328 10.88 2.8 1.574 11.06 4.7 
02-10-10 1.068 6.53 3.1 1.449 10.76 4.1 1.850 12.00 6.0 
02-10-00 1.082 2.37 5.0 1.559 7.88 3.6 2.050 11.00 5.4 
10-10-00 1.202 6.15 4.5 1.434 9.75 4.0 1.692 9.80 5.9 
The results in the table are presented in Figures 6.6 and 6.7. The first figure shows the 
relationship between the effective damping and the period shift and the second shows 
the relationship between the period shift and the ductility. 
C 0 . i- 
, 
W 
0.1 	0.2 	0.5 
PERIOD SHIFT (Te /To - I) 
Figure 6.6: Optimal damping ratio versus optimal period shift ratio for all systems and 
ductilities. The line is the least square fit to the data; note that one data (2.05, 11.0) point lies 
outside the range of the graph, taken from Iwan (1980) 
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Regressions were performed across the six hysteretic systems to produce Equations 
(6.5) and (6.6), Equation (6.7) was obtained by substituting Equation (6.6) into (6.5): 
— 	= 13.52(Te I To — 3952 
	
(6.5) 
Te I To =1+0.121(p —1r939 
	
(6.6) 
e - 4 = 5.87(p —0°37 ' 
	
(6.7) 
where 4 and 4 are expressed as a percentage of critical damping. Therefore, Equations 
(6.6) and (6.7) may be used to determine the non-linear response of a hysteretic model, 
if the linear response is known. This is done by shifting the period by a factor Te/To 
from the initial period and introducing an equivalent viscous damping 
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Figure 6.7: Optimal period ratio versus ductility, the line is the least square fit of data, taken 
from Iwan (1980) 
The empirical relationships of Equations (6.6) and (6.7) were compared with three other 
methods: Newmark and Hall (1973), Gulkan and Sozen (1974) and the ATC-3 
Tentative guidelines (1978). These three selected methods were compared with the new 
empirical equations and the optimal parameters of Table 6.5, and all were then 
compared to the results using numerical integration. The results were found to be better 
for the smoothed response rather than for individual records. 
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Iwan's derived optimal parameters and empirical formulas were found to be the most 
accurate, with a difference of approximately 20% when compared to the unaveraged 
spectra (the percentage is much lower when compared to the average spectrum of the 12 
records). The Newmark and Hall method and substitute structure method were 40% too 
conservative and the ATC-3 method varied by 35%, becoming non conservative at 
higher ductilities. 
The derivation of Iwan's equations appears to use a very favourable methodology 
however; there are a few limitations to this study. Iwan noted that the scatter in 
formulating Equations (6.5) to (6.6) is considerable. This may be due to the results 
being representative of 6 hysteretic systems, as well as only 12 records, all with 
different values of PGA. However, Iwan concluded that the differences in hysteretic 
behaviour considered herein appear to have only a secondary effect on the accuracy of 
the results of the empirical formulas. It may have been preferable to derive one set of 
empirical equations for each hysteretic model, as the difference amongst hysteretic 
models can be significant, as shown by Figure 6.8. 
0 0 	1.0 	2.0 	3.0 	4.0 	5.0 	6 0 
Displacement Ductility (t) 
Figure 6.8: Hysteretic damping vs. ductility for four hysteretic systems, where Ring-Spring 
is a flag shape, taken from Dwairi et al. (2005) 
The 12 records used in Iwan's study had been processed to remove the noise 
contamination but no details were provided. With reference to Chapter 2, the processing 
can have a significant influence on the shape of the spectra. The scope of this study was 
also limited since only three ductility ratios and nine mid-range periods from 0.4 to 4s 
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were considered; as pointed out by Miranda and Ruiz-Garcia (2002), no information 
was provided for short-period structures. 
The normalisation technique was applied over the period range 0.2 to 4s and although 
the mean squared difference was minimised, in some period ranges the record will not 
match the target spectrum at all. 
The period shift was in the range 0.979 to 2.050; the lowest value was less than 1 and is 
counter-intuitive since it is expected that the effective period should always be greater 
than the initial period as it represents a 'softening' of the structure in its inelastic phase. 
The equivalent damping minus the elastic damping of 2% was found to be in the range 
of 6 to 12%, but since the author has not included the value of 2.37% for model 02-10-
00, the actual range is 2.37 to 12%. This is a small range but represents only 12 
earthquake records. It is expected that the equivalent damping should vary more 
significantly for 6 different hysteretic models and ductility values of 2, 4 and 8. This 
study found that the optimal parameters and empirical formulae are closer in value to 
the results of the numerical integration in comparison to the three documents chosen to 
compare the results. The optimal parameters and new empirical relationship will be 
closer to the results found from numerical integration as they were derived from this 
dataset of 12 earthquake records. 
Calvi (1999) 
This work considered a displacement-based approach for the vulnerability evaluation of 
classes of buildings and the method was derived from concepts developed for the 
detailed analysis of existing buildings. It was acknowledged that older masonry and 
reinforced concrete buildings have a low ductility capacity, mainly due to poor detailing 
of reinforcement and the lack of capacity design. 
As with all displacement-based design methods, the concepts were based on estimates 
of the displacement along with the energy dissipation capacity. The probability that a 
structure can achieve a certain displacement capacity was determined and a correction 
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factor was applied to each limit state of interest, and is dependent on an estimate of the 
dissipated energy. There were 4 limit states: 
• LS1: No damage 
• LS2: Minor structural damage and/ or moderate non-structural damage 
• LS3: Significant structural damage and extensive non-structural damage 
• LS4: Collapse. 
The above classification is for reinforced concrete; for masonry LS1 and LS2 are 
combined, as masonry tends to crack very early. 
The substitute structure model was used and a series of curves were produced, which 
are based on expected ductility demand/ equivalent viscous damping These curves are 
shown in Figure 6.9. 
T/To 
Figure 6.9: Design curves for various ductility and effective damping values, taken from Calvi 
(1999) 
Figure 6.9 was derived using Equations (6.8) and (6.9): 
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(6.8) 
where ri i is the displacement reduction factor taken from EC8 (1994). The relationship 
between equivalent damping, fie , and ductility, itt, is of the form: 
e =a(1-11,11fl)-E, 	 (6.9) 
Where a is of the order of 20-30 and 13 is between 0.5 and 1 (depending on the 
hysteretic properties of the structure). The parameter 4 is the damping ratio 
characterising the linear response (taken as 2%). Note that for the curves of Figure 6.9, 
a= 25 and 13 = 0.5. 
Note that iii tends to an asymptotic value so that larger dissipation (ductility) has little 
effect on the response at increasing values. A parametric study carried out by Borzi et 
al. (1998) confirmed this at values of ductility greater than 4 or 5 or at equivalent 
damping greater than 15% or 20%. Calvi (1999) noted that this implies that an error in 
e is not crucial, as long as the damping is not too small. 
Calvi (1999) stated that Equations (6.8) and (6.9) should be used for response periods, 
To, shorter than that corresponding to the maximum spectral displacement. For longer 
periods, Equation (6.10) should be used: 
I 
/I I= ill + (1 —771) 4 
 tan' [(I.  _ To  1 
71. 	T 
(6.10) 
Calvi (1999) discussed some limitations of the study, and recommended that the results 
should be used for a global loss estimate prediction, rather than for assessing the 
response of a particular building. The author also stated that the available data was poor, 
which can result in very different limit values for the periods and displacements for the 
structural models. This was considered acceptable for loss estimation studies as the 
target accuracy of the results is usually one order of magnitude. The author stated that 
some important damage and collapse modes were neglected and so more refined models 
are required to confirm these findings. 
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eq = 5 + ( 1— 
120 	1 (6.12) 
Priestley and Kowalsky (2000) 
This paper presented the first complete direct displacement-based procedure for 
reinforced concrete buildings. The method was first mentioned in Chapter 1 and is 
summarised in Figure 6.10. 
Generally, the equations for the equivalent damping that are represented graphically in 
Figure 6.10, are of the form: 
eq = 4 + c{1— ill fl j 
	
(6.11) 
where a and /3 are constants related to the material and framing system. An example 
case for concrete frames (Priestley, 2003) is given by Equation (6.12). 
The evaluation of the equivalent damping is a feature of direct displacement-based 
design (DDBD) that needs improvement; the use of equations to calculate the area 
within the selected hysteresis loop that best represents the construction materials could 
be improved upon. Note that the equation for steel is based on 75% of the area within an 
elasto-plastic hysteresis loop of the same strength and ductility. The equation for 
concrete was derived from the Takeda (degrading stiffness) hysteretic model (Priestley, 
2003). These equations were found to be reasonable for models with low hysteretic 
energy absorption, but overestimate the damping for models with high hysteretic energy 
absorption (Blandon and Priestley, 2005). 
The area within the hysteretic curve was calculated for one cycle as it is considered that 
it takes account of the energy loss to arrive at the displacement to maximum response 
(for the substitute structure model). It does not however, consider the hysteretic cycles 
before or after that particular point. 
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Figure 6.10: Illustration of the method of DDBD (Priestley and Kowalslcy, 2000) 
Borzi et al. (2001) 
This DDBD method defined inelastic, constant ductility spectra up to a response period 
of three seconds using a new attenuation (or ground-motion prediction) equation. The 
dataset was that presented by Bommer et al. (1998), which was adapted from the 
European dataset used by Ambraseys et al. (1996), and has been described previously in 
Chapter 3. An existing attenuation equation derived by Bommer et al. (1998) was used 
to derive the elastic spectra. Two structural models were investigated: an elastic 
perfectly plastic model and a hysteretic hardening-softening model. The ductility values 
2, 3, 4 and 6 were selected, the upper limit of global ductility is 6, as the authors 
commented that structures should not realistically reach higher ductility levels. The 
elastic and inelastic spectra were obtained for various combinations of the ductility and 
hysteretic models. The value of the elastic viscous damping was taken as 1%. 
201 
ako 
ko 
By comparing the elastic and inelastic spectra, it was found that elastic and inelastic 
systems with the same initial stiffness reached similar maximum displacements. 
Overall, the two spectra were quite different up to longer periods, where they converged 
to PGD. The substitute structure model was used for this work; the initial response 
period undergoes a period shift to a longer effective response period, which accounts for 
the ductility of the structural system and is the same as that defined for the substitute 
structure model (Figure 6.11). The equivalent damping value, E, is related to a 
reduction coefficient 77 given by Equation (6.13). 
SD ehis,i,(T eff ) 
77 = SD indas,k(Tell ) 
(6.13) 
where SDelastic equals the elastic spectral displacement ordinate corresponding to the 
equivalent elastic period and Spinclastic is the inelastic spectral displacement ordinate 
corresponding to the equivalent elastic period. This reduction coefficient was likened to 
the behaviour factor of FBD, which accounts for both the effective period and the 
equivalent damping. However in this model, the reduction coefficient, 77, was only 
related to the equivalent damping. The required output of this process is the maximum 
displacement of the inelastic system. 
F 
Tee = TO II 	II  1+ ap —a 
SDclastic(Tcff) 
SDinclastic(Tcff) 
SD A SD elasticVeff  
= S D inelastic (Teff) 
1....01010. 8  
Sy 
	 5max 
Figure 6.11: Representation of the effective period and equivalent damping, taken from Borzi et 
al. (2001) 
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The aim of this paper was to derive inelastic displacement spectra, displacement 
reduction factors and ductility-damping relationships. With reference to the second 
graph of Figure 6.11, the reduction coefficient I" may be expressed as a function of 
damping; this is how the inelastic displacement was found, from the elastic 
displacement. The authors adopted the expression of EC8 (CEN, 1994): 
77.11
2+ 
7 
(6.14) 
The elastic viscous damping was set at a value of 1%, so Equation (6.14) was 
transformed into Equation (6.15) since ri should equal unity when 4 equals a value of 
1%. 
(6.15) 
The damping coefficient was then simply expressed by Equation (6.16). 
=3r72 —2 
	
(6.16) 
where i  is defined by Equation (6.13). 
Mean values of ri, varying with magnitude, distance, site class and period were 
obtained, for use with displacement-based design. By comparing the elastic and 
inelastic displacements, the value of the equivalent damping could be obtained for 
various ductility values. The equivalent damping, E, accounts for energy dissipation 
and is determined for post-yield cycles of a given amplitude using Equation (6.17). 
EH  
= 	 
410E EL 
(6.17) 
Where EH is the energy dissipated in a full cycle of load reversals and EEL is the elastic 
strain energy. For both hysteretic models considered, the final equation for determining 
the equivalent damping was defined as: 
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(6.18) 
where a differentiates between the two hysteretic systems and is equal to 0.64 for the 
elasto-plastic case. The value of a is determined when all the cycles of load reversal 
have the same amplitude up to the target ductility value. 
The paper then went into greater detail in defining the ri factor with respect to the 
period. It was found that the hysteretic behaviour and the ductility strongly influence the 
value of the 77 factor. It only appears to affect the short periods where 77 is found to be a 
higher value for softening systems than for perfectly elastic and hardening systems, 
which is due to the increased number of load reversals. Therefore, for these softening 
systems, the hysteresis cycles reach the post-elastic branch of the force-displacement 
primary curve more often, thus increasing the energy dissipation. 
The most significant limitation of the study was that many very weak records were 
used, which, combined with a ductility value of 4 to 6, leads to a structure that possesses 
unrealistically low levels of strength. In addition, a new building type was chosen to 
represent each new ductility value. When the value of ductility is changed, the same 
structure should be used each time for comparable results. 
Miranda and Ruiz-Garcia (2002) 
This paper evaluated 6 methods for deriving the maximum inelastic displacement but 
only four of these aimed to define the equivalent damping. These four methods use the 
equivalent linearization concept and are as follows: 
• Rosenblueth and Herrera (1964) 
• Gulkan and Sozen (1974) 
• Iwan (1980) 
• Kowalsky et al. (1995) 
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The other two methods were displacement modification techniques: Newmark and Hall 
(1982) and Miranda (2000). The 6 'approximate' methods were used to obtain the 
maximum displacement of SDOF systems with elasto-plastic, modified Clough and 
Takeda hysteretic load deformation models. The period range was 0.05-3s and 6 
ductility values were considered; 1.5, 2, 3, 4, 5 and 6. The dataset contained 264 strong-
motion records from 12 Californian earthquakes, with a magnitude range of 5.8 to 7.7, 
recorded on firm soil. Non-linear time-history analysis was employed to determine the 
exact maximum displacement. The methods were compared to the 'exact' time-history 
analysis by calculating the difference in the displacements, also referred to as errors. 
Rosenblueth and Herrera (1964) 
This study was based on harmonic motion and Equations (6.19) and (6.20) were 
provided for an elasto-plastic system: 
Teg 
T 	k 
(6.19) 
where Teq is the period of vibration of the equivalent system and k, is the secant stiffness 
at maximum deformation, k0 and T are the initial stiffness and period of vibration of the 
system. 
eq 	+ 2 (1 1 
71" 
 
(6.20) 
 
Gulkan and Sozen (1974) 
This work found that harmonic loading as per Rosenblueth and Herrera (1964) 
overestimates the equivalent viscous damping, which ultimately underestimates the 
displacement response. The following equivalent damping Equation (6.21) was derived 
for the Takeda hysteresis model using experimental shake-table results, based on small-
scale reinforced concrete frames. Note that the period shift is given by Equation (6.19). 
eq = o + 0.2[1- 
1 
 
(6.21) 
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Iwan (1980) 
As described previously in Section 6.2.1, Equations (6.22) and (6.23) define the 
equivalent damping, for 6 types of bilinear SDOF systems with various degrees of 
pinching: 
Te I T0 =1+0.121(u —00939 
	
(6.22) 
— 	= 5.87(p —00371 	 (6.23) 
Kowalsky et al. (1995) 
This method used the secant stiffness to maximum response to determine the period 
shift and the Takeda hysteresis model to formulate Equation (6.24), for an unloading 
stiffness factor of 0.5 and post-yield initial stiffness ratio a = 0: 
eq = 	
1 
+ —(1 — 1  
J./ 
 
(6.24) 
 
Miranda and Ruiz-Garcia first presented a comparison of the period shift. Figure 6.12 
presents the period shift of Rosenblueth and Herrera (R&H), Gulkan and Sozen (G&S) 
and Kowalsky et al. (KO), which all use the secant stiffness to maximum response with 
that of Iwan (IW). 
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Figure 6.12: Comparison of period shifts in equivalent linearization methods, taken from 
Miranda and Ruiz-Garcia (2002) 
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Figure 6.13 presents the relationship between the equivalent damping and the ductility 
ratio from the four studies. 
0.8 
0.7 
0.6 
0.5 
eq 0.4 
0.3 
0.2 
                     
                     
           
— Rosenblueth and Herrera 
Kowalsky 
GO[ken and Sozen 
Iwan 
  
             
             
                     
                     
                     
                     
                     
                   
                   
                     
0.1 
                     
                     
0 	 
                   
                   
0 0 	1.0 	2.0 	3.0 	4.0 	5.0 	6 0 
DUCTILITY RATIO p. 
Figure 6.13: Comparison of the relationship between the equivalent viscous damping and the 
ductility amongst the four approximate methods, taken from Miranda and Ruiz-Garcia (2002) 
It is quite clear that the R&H method of using steady-state harmonic input motion 
overestimates the equivalent damping and will result in over-reduced, hence non-
conservative design displacements. As there were differences in the period shift 
amongst the studies, the equivalent damping in the figure above was normalised by the 
ratio of initial to equivalent stiffness (Hadjian, 1982), and the results are presented in 
Figure 6.14. 
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Figure 6.13: Comparison of the relationship between the normalised equivalent viscous 
damping and the ductility amongst the four approximate methods, taken from Miranda and 
Ruiz-Garcia (2002) 
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Following the normalisation, only the IW curve changed position. The R&H study, 
which used steady-state harmonic input motion, overestimated the equivalent damping. 
The four approximate methods were then compared to 'exact' non-linear time history 
analysis results, using the three hysteretic models (elasto-plastic, modified Clough and 
Takeda). The elastic damping was taken as 5% of critical in all cases. 
The results were presented as the ratio of the approximate to the exact results, for each 
of the three hysteretic models considered in Figure 6.15, 6.16 and 6.17. If the curves are 
below unity, the approximate method underestimates the maximum displacement and if 
they lie above unity, the approximate method overestimates the maximum 
displacement. The results are discussed briefly here but more detailed comparisons can 
be found in the paper. Firstly it should be recognised that R&H underestimated the 
maximum displacement response and hence is non-conservative. Therefore it is 
recommended that steady-state harmonic motion should not be used to derive equations 
for design. The results of G&S tended to overestimate the maximum displacement 
response, especially at shorter periods. For the results of KO, the ratio tended to unity at 
periods greater than about 1 s, although the maximum displacement response was 
slightly overestimated. The IW results were the closest to the exact results obtained 
from non-linear time history analysis, except at very short periods, where the 
displacement was underestimated. 
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Figure 6.15: Mean approximate to exact displacement ratios for systems with elasto-plastic 
hysteresis energy loss, taken from Miranda and Ruiz-Garcia (2002) 
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Note that the results for G&S and KO, derived using the Takeda model, did not greatly 
improve when compared to the exact results using time history analyses for the Takeda 
model (Figure 6.17). However the results for IW, derived using elasto-plastic hysteresis 
energy dissipation, appeared better for the elasto-plastic case. 
The ductility ratio affected the results in such a way that the accuracy of the 
approximate methods improved with lower ductility values. The one exception was IW, 
where the results were slightly better for higher ductilities for the modified Clough and 
Takeda models. This is an unusual result as the general expectation is that increasing 
ductility would de-stabilise the system. 
The standard deviation of the relative error was determined and found to increase as the 
ductility increased (Figure 6.18). Therefore it was recommended that care should be 
taken when applying these methods to individual records as the error may be 
significant, especially for larger ductility levels. It was concluded that Iwan (1980) and 
Kowalsky et al. (1995) provided the best equations to determine the equivalent damping 
as a function of ductility. Miranda and Ruiz-Garcia (2002) drew attention to the other 
possible errors related to these studies; uncertainty regarding the estimation of the 
elastic displacement, yield displacement and initial stiffness, lateral strength and 
displacement ductility ratios, to name a few. 
Figure 6.18: Standard deviation of relative errors for the elasto-plastic hysteresis model, taken 
from Miranda and Ruiz-Garcia (2002) 
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Blandon and Priestley (2005) 
The aim of this study was to further develop existing equations (Priestley and 
Kowalsky, 2000) which defined the equivalent viscous damping corresponding to 
hysteretic response. These particular equations were derived by calculating the area 
within the hysteresis loops. The authors recognised that errors in estimating the 
equivalent viscous damping may lead to errors in the ductility demand of the designed 
elements. 
The design and analyses were conducted without including any elastic viscous damping. 
This was due to the concurrent investigations into the most appropriate value of the 
elastic damping (Priestley and Grant, 2005). Six hysteretic models were considered 
(Figure 6.19) and are listed as follows: 
• 'narrow' Takeda, to represent bridge piers and wall structures 
• 'fat' Takeda for reinforced concrete frames 
• bilinear to model a bridge structure, isolated with friction pendulum dampers 
• elastic-perfectly plastic to represent a flexible structure, isolated with a flat 
Coulomb (friction) damper 
• Ramberg-Osgood for structural steel members 
• ring spring (flag shape) for a precast concrete structure connected with 
unbonded prestressing 
Five ductility levels from 2 to 6 were considered and the analyses were carried out for a 
range of periods from 0.5 to 4.0s at 0.5s intervals. 
The time history analyses were carried out for six accelerograms, five artificial records 
and one real matched record, prepared by the author of this thesis. The average 
displacement response was calculated using time history analysis (THA) and was used 
for the comparison. 
The equivalent damping for each of the 6 hysteretic models was presented as an 
equation based on Jacobsen's approach. The maximum displacement response was 
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compared to that obtained using time history analyses. Using an iterative method, the 
details of which are provided in the paper, the equivalent damping was altered to 
improve the agreement between the substitute structure and the time history result. 
The results were first presented as the ratio of the THA to the initial step of the spectral 
DDBD procedure, where the equivalent damping is based on Jacobsen's approach 
(Figure 6.20). 
( ) 	 (b) 
(.) 	 (d) 
(el 
	
(f) 
Figure 6.19: Hysteretic models. (a) Thin Takeda, (b) Fat Takeda, (c) Bilinear, (d) EPP, (e) 
Ramberg Osgood and (0 Ring spring, taken from Blandon and Priestley (2005) 
The ratios were close to unity for the thin Takeda and Ring spring cases, which have 
low hysteretic energy; the ratios tended to increase with the size of the hysteresis loop 
and with period. 
The results were then presented in a form that shows the effective damping factor 
required to equate the time history displacements with the Jacobsen-based equations. 
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The damping factor was first plotted against period and then against ductility (Figures 
6.21 and 6.22). 
(f) 
Figure 6.20: Time history results divided by the initial design displacement using Jacobsen's 
approach. (a) Thin Takeda, (b) Fat Takeda, (c) Bilinear, (d) EPP, (e) Ramberg Osgood and (f) 
Ring spring, the legend is the value of the ductility, taken from Blandon and Priestley (2005). 
The authors stated that the existing equations were acceptable for models with low 
hysteretic energy absorption but overestimate the damping for models with high 
hysteretic energy absorption, this leads to non-conservative design as the displacement 
will be underestimated. 
The results highlighted that the damping factor increases with ductility in all cases and 
there is a tendency for the damping to reduce with increasing period. It was shown that 
Jacobsen's approach overestimates the values for equivalent viscous damping. This is 
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because the approach uses complete loops for the hysteretic models when subject to 
harmonic motion. 
Figure 6.21: Average equivalent damping vs. period. (a) Thin Takeda, (b) Fat Takeda, (c) 
Bilinear, (d) EPP, (e) Ramberg Osgood and (f) Ring spring, the legend is the ductility value, 
taken from Blandon and Priestley (2005). 
Based on the analytical results of Figures 6.21 and 6.22, modifications to existing 
design equations, used to obtain the equivalent viscous damping, were proposed. The 
base equations were those derived by Priestley (2003) for a number of hysteretic models 
and the major change is that a term for the effective period is included in the equations. 
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The equation was derived for a period of 0.5s and the period term in the equation is 
used to obtain the equivalent damping at other periods: 
efJectrve - a 1-1.b  - 0.1r ,u 1+ 	
1 	1 
p  (T + c)d N 
(6.25) 
where N =1+ 	1 	and the value of the coefficients corresponding to each 
(0.5 + c)d  
hysteretic model are presented in Table 6.6 and r is the post-elastic stiffness coefficient. 
2 	3 	4 	5 	6 
	 2 	3 	4 	5 	6 
Ductility Ductility 
Figure 6.22: Average equivalent damping vs ductility. (a) Thin Takeda, (b) Fat Takeda, (c) 
Bilinear, (d) EPP, (e) Ramberg Osgood and (f) Ring spring, the legend is the period, taken from 
Blandon and Priestley (2005). 
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Table 6.6: Values of coefficients corresponding to each hysteretic model for use with Equation 
(6.28), taken from Blandon and Priestley (2005) 
Constant Thin 
Takeda 
Fat 
Takeda 
Bilinear EPP Ramberg 
Osgood 
Ring 
Spring 
a 95 130 160 140 150 50 
b 0.5 0.5 0.5 0.5 0.45 0.5 
c 0.85 0.85 0.85 0.85 1 1 
d 4 4 4 2 4 3 
Figure 6.23 compares Equation (6.25) with the results of the iterative procedure. The 
dashed lines represent the damping factor estimated by the modified equation for each 
ductility level and effective period. Equation (6.25) appears to fit the data well for all 6 
hysteretic models and 5 ductility values. Although this is the first study to include 
period dependency in the calculation of the equivalent damping, as with the other three 
studies, the strength of the structure has not been given due consideration. 
This paper is also a work in progress, as the authors stated that final verification of this 
approach is required when the response is combined with the elastic viscous damping. 
In addition, the new period-dependent equation that is presented contains the term r, 
which is the post-elastic stiffness coefficient and the authors recommend further 
analyses to determine the period range for which this equation is valid. The calibration 
factors a, b, c and d were found for each hysteretic model but it was noted that a perfect 
match was not obtained each time. In addition, for the bilinear model, the base equation 
requires further modification to get an accurate enough fit. 
By including a new term for the effective period in the equivalent viscous damping 
equations, there will be some additional work. Previously in the DDBD method, the 
damping is obtained directly from the ductility, then the effective period is obtained for 
a given target displacement. In the new equations, iterations are required in order to 
obtain the period. 
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Figure 6.23: Modified equivalent viscous damping equation. (a) Thin Takeda, (b) Fat Takeda, 
(c) Bilinear, (d) EPP, (e) Ramberg Osgood and (f) Ring spring, the legend is the ductility value, 
taken from Blandon and Priestley (2005). 
6.3 	Comparison of the Reviewed Equivalent Damping-Ductility Relationships 
This literature review considered various techniques employed in determining the value 
of the equivalent damping. Table 6.7 provides the equivalent damping-ductility 
relationship from each study and allows comparisons to be made. 
The equivalent damping is inherently related to the ductility and so this is always an 
integral part of each equation. The elastic viscous damping differed among the 
equations and ranged from 0 to 5%. In order to make a like-with-like comparison, 
Figure 6.24 presents the results of all the relationships of Table 6.7. The elastic damping 
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is set at 2%, except in the case of Blandon and Priestley (2005), as they neglected the 
elastic damping in their study. 
Table 6.7: Equivalent damping vs ductility relationships taken from each paper reviewed 
Technical paper Equation 
Rosenblueth and Herrera 
(1964), 
. el,. 4 ± ___.(1_1) 
It 
(elasto-plastic behaviour) 
II 
Gulkan and Sozen (1974) — 4 = 20(1-1/ ji) 
(Takeda model, elastic damping 2%) 
Iwan (1980) e — 4 = 5.87(p — 0°37' 
Associated with T<TSeC  
(mixed hysteretic models elastic damping 2%) 
Kowalsky et al. (1995) 1 1 
eq = 4 + — A-  
(Takeda response, elastic 
1— .  F— 
[ 	
v p ) 
damping 5% assumed) 
Calvi (1999) e = a(1-11,ufl)+ 
,,=2%, oc=25 (range 20-30),0.5 (range 0.5-1) 
depending on hysteretic model. For T<Tsec 
Priestley and Kowalsky 
(2000) 
120 
( 
1 
5  eq = 	+ 
g  
(for concrete frames, 5% elastic 
1— 1— 
'VP ) 
damping assumed) 
Borzi et al. (2001) 
E = a 
(a=0.64 for elastoplastic 
1 
1— -- + 4 	(j 
ii 
behaviour, elastic damping 
1%) 
Blandon and Priestley 
(2005) 
a -I. — 
1 	) 
1+ 
1 
effective = 77( 1— 	0.1r,u 
Where 
pb 
N =1+ 
(T + c) i ) 
1 
N 
(0.5 + c)d  
(For the elastic perfectly plastic case, r=0, a=140, 
b=0.5, c=0.85 and d=2. The equation was derived for 
T=0.5s) (0% elastic damping) 
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Figure 6.24: Comparison of equivalent damping vs. ductility relationships for the equations 
presented in Table 6.5, the elastic damping is set at 2% with the exception of Blandon and 
Priestley (2005), where the elastic damping is neglected. Note that the Borzi et al (2001) results 
lie on the Rosenblueth and Herrera (1964) results 
Generally the results show that there is considerable divergence amongst the equations; 
hence there is room for improvement in deriving a new equivalent damping-ductility 
relationship. Further investigation into the equivalent damping-ductility relationship is 
carried out in Chapter 7. Note that the studies considered herein are either based on the 
elasto-plastic or the Takeda hysteretic models, except for Iwan (1980) which considered 
6 hysteretic models. 
With reference to Figure 6.24, each of the equivalent damping ductility relationships are 
discussed. The results of Rosenblueth and Herrera (1964), who used harmonic motion 
as the input to the SDOF system, greatly overestimate the equivalent damping. This 
results in over-reduced, hence non-conservative design displacements. The work is also 
rather old, as is the case for Gulkan and Sozen (1974), whose work was based on small-
scale reinforced concrete columns. 
The relationship of Iwan (1980) provided values of the equivalent damping that are the 
lowest in the group. This is to be expected as Iwan's equations were derived for a period 
less than the secant period. The dataset contained only 12 records with a range of 
magnitude My, (6.2-7.4). The scope of Iwan's study was limited, as only 3 ductility 
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ratios and 9 mid-range periods from 0.4-4s were considered. The equations represented 
6 hysteretic models and it may have been preferable to have a separate equation for 
each. Calvi (1999) recommended that his equations are used only for a global loss 
estimate prediction only, as available data was poor. 
The Priestley and Kowalsky (2000) equations were found to be reasonable for models 
with low hysteretic energy absorption but over-estimated the damping for models with 
high hysteretic energy absorption (Blandon and Priestley, 2005). The Borzi et al. (2001) 
curve lies almost exactly on the Rosenblueth and Herrera (1964) curve and this is 
interesting as Borzi et al. (2001) used real earthquake records, not harmonic signals. 
The study was also limited to 4 ductility levels and initial period up to 3s. 
Finally, Blandon and Priestley (2005) found the Jacobsen approach over-estimates the 
equivalent damping because the approach uses complete loops for the hysteretic models, 
when subjected to harmonic motion. They only used 6 accelerograms, 5 artificial and 
one real matched record. The scope of their study was also limited to ductility values 
from 2 to 6 and periods from 0.5-4s. Priestley and Blandon (2004) did introduce a major 
change to existing equations in terms of including a period term. Their work is in 
progress as it requires final verification when the elastic viscous damping is considered. 
Blandon and Priestley (2005) also need to define the period range for which their 
equation is valid; they also stated that their calibration factors require further 
confirmation. 
Miranda and Ruiz Garcia (2002) compared displacement results of approximate 
methods with 'exact' non-linear time history analysis. In all 4 cases, the standard 
deviation of the relative error was found to increase as the ductility increased. It was 
concluded that Iwan (1980) and Kowalsky et al. (1995) provided the best equivalent 
damping-ductility relationship, but from Figure 6.24, they are quite different due to 
Iwan adopting a period which was less than the secant period. 
As a more general observation, the curve of Priestley and Kowalsky (2000) was more 
conservative than the other equations, as it lies above the curve of Blandon and Priestley 
(2005), who did not consider elastic viscous damping in their relationship. Note that 
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inclusion of elastic viscous damping will reduce the obtained values of equivalent 
damping by up to 5%. 
A final important note to make is that the results of Figure 6.24 do not solely depend on 
the damping; with reference to Figure 6.12, the period shift is also important. The 
results of Iwan are for a value of period less than the secant period that is selected for 
the other equivalent linearization methods explored in Miranda and Ruiz-Garcia (2002). 
Therefore the process of determining the design spectral displacement, once the 
equivalent damping has been found, will also depend on the period selected along the x-
axis of the of the displacement spectrum. 
6.4 	Additional Influences on the Equivalent Damping 
There are a number of important additional issues that may affect the equivalent 
damping of a structure and are outlined below. They are often not included in design 
due to the added complexity but their effect could be significant. 
Foundation Flexibility 
Foundation flexibility is considered in direct displacement-based design through an 
increase in the strain-limited limit state displacement, to account for the elastic 
displacement corresponding to foundation flexibility. This will require some iteration to 
determine the base shear force, which is used to find the foundation displacement. If 
however, the limit state is defined by code drift limits, there is no need to modify the 
design displacement as foundation flexibility has already been considered. Foundation 
flexibility also features in the equivalent damping equations (Priestley, 2004); the effect 
is to reduce the displacement-ductility capacity, as there is some additional hysteretic 
energy loss through the foundations. The limitation here is that it is possible to overlook 
this effect if the equivalent damping is found using an alternative method. Figure 6.25 
illustrates the contribution of energy dissipation through the foundations. 
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Overall, there will be additional displacement of the structure due to the flexibility of 
the foundations but also a reduction in the displacement as there is some hysteretic 
energy dissipation through the foundations. 
Figure 6.25: Incorporation of foundation flexibility into direct displacement-based design, taken 
from Priestley (2000) 
Note that foundation damping includes soil flexibility, nonlinearity and radiation 
damping and that radiation damping is also accounted for by the specified elastic 
viscous damping. 
Nonlinear response in the elastic range 
The response at forces less than yield is assumed to be fully elastic, however, there is 
some nonlinearity within the elastic range for masonry and concrete. 
Nonstructural damping 
There may be additional damping that results from hysteresis energy dissipation of non-
structural elements or from the relative movement between non-structural and structural 
components of a building (Priestley and Grant, 2005). 
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Shear 
Direct displacement-based design is normally described for use with ductile structural 
members; an important point to note is that shear may affect a stable ductile hysteretic 
response. In fact, if shear dominates the response, the energy dissipation capacity of a 
member will be reduced resulting in a lower equivalent damping ratio. For new design, 
the models are representative of well-confined concrete for example, where shear failure 
is not expected to affect the stable cyclic response. However, when DDBD is used for 
the seismic assessment of existing structures, if the equivalent damping is 
overestimated, this could lead to underestimation of the expected displacement demand 
which could be significant (Miranda et al., 2004). 
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	7.0 	INVESTIGATION INTO THE EQUIVALENT VISCOUS 
DAMPING AND DUCTILITY RELATIONSHIP 
7.1 	Introduction 
The literature review of Chapter 6 highlighted some of the key research previously 
conducted regarding the relationship between the equivalent damping and the ductility 
of a SDOF system. This relationship is complex and the literature review helped 
identify any potential shortcomings in defining a relationship between the equivalent 
damping and ductility. The equivalent damping-ductility relationship is a key 
component of direct displacement-based design (DDBD) and if a simple, reliable 
relationship is found, this design method would be much improved. However the first 
set of results obtained from the main analysis displayed a great deal of scatter that 
appears to cloud any potential new trends that may exist between the equivalent 
damping and the ductility. The usual option would be to obtain the best fit curve to the 
median results. However, the only benefit would be a new curve to add to Figure 6.24, 
with no new understanding of this complex relationship. Therefore an investigation is 
conducted to try and determine possible reasons for such extensive scatter in the median 
results. 
Before the main analysis for the equivalent damping-ductility relationship may begin, a 
trial analysis is carried out using 50 earthquake records selected from the Abrahamson 
and Silva (1996) dataset. This helps identify the important parameters and their ranges 
that are required for this study. The main analysis uses 1711 records of the NGA dataset 
(see Chapter 5 for selection details). The use of such a large number of records should 
provide a good number of results to give an indication of the relationship between the 
equivalent damping and the ductility. The analysis is conducted using the MDA 
(Multiple Dynamic Analysis) application developed by Hancock (2006). 
The results are obtained and presented in the form of scatter plots of equivalent damping 
against ductility and the data is processed in order to identify trends. The scatter in the 
median results is subsequently investigated. As part of this investigation, the analyses 
are then re-run with reduced values of the secant period; the reasons for this are 
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discussed in Section 7.6.1. The results of this analysis are processed and proposals for 
future work are discussed. Note that the elastic viscous damping is modelled as 0%. 
7.2 	Program MDA 
MDA is a batch processor that is able to define a large number of SDOF oscillators and 
subject them to a vast number of earthquake records. The first step in each run is to 
assemble the SDOF systems. Each system is given a coordinate reference, a mass and 
an initial stiffness, which allows the program to calculate the initial period. The 
hysteretic behaviour is selected by defining factors representing a particular hysteretic 
model. In this case an elasto-plastic system with no strain hardening is selected. The 
base shear coefficient or yield strength factor of each system is also specified. The next 
step is to import the details of the earthquake records that the SDOF oscillators will be 
subjected to. The final step is to set MDA in motion, as it calls upon the structural 
analysis program Seismostruct (Seismosoft, 2003), which calculates the equivalent 
damping and ductility of the selected elasto-plastic hysteretic SDOF models, once they 
have been subjected to the suite of earthquake records. Finally, MDA is used to extract 
the results. 
The output data is the maximum inelastic displacement of each SDOF system; the 
ductility is also output. MDA uses the relationship that the effective period is equal to 
the square root of ductility multiplied by the initial period so the effective period is also 
now known. The final aim of course is to obtain the value of the equivalent damping 
and MDA calls upon another simple Fortran program `Dampspec' (using the Nigam and 
Jennings, 1969 algorithm), which computes the elastic spectra at many damping levels 
for each record. As the maximum inelastic displacement at the initial period is now 
known, the equivalent damping at the effective period for the same value of 
displacement may be found. This value of the equivalent damping is then output by 
MDA, along with the ductility, maximum displacement and initial and effective periods 
for each system. 
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Independent manual checks are carried out to ensure that MDA is working well; as this 
is a program in progress. A careful, detailed verification of the software is carried out 
and anomalies are corrected such that the results can be used with full confidence. 
7.3 	Trial Analysis 
7.3.1 Abrahamson and Silva (1996) dataset 
The trial analysis is an important part of this study as it allows some insight into the 
influence of the values of yield force factor, Cy, initial period, To, and hysteretic model, 
H1, on the output values of the equivalent damping, eq and ductility, ,uLs. These 
parameters and their ranges may be defined before the main analyses commence. The 
Abrahamson and Silva (1996) dataset is adopted; this dataset was first used by 
Abrahamson and Silva in the development of their attenuation equation in 1996 and 
again in 1997 (Abrahamson and Silva, 1997) and contains earthquake data up to 1994. 
The range of magnitude was M, 4.4-7.4. The dataset was biased towards larger than 
average ground motions; this in part was due to the processing applied and Abrahamson 
and Silva decided to accept this bias as the alternative would be to lose data for both the 
high frequencies and long periods. The source-to-site distance ranged from 1 to 230km 
and was defined as the closest distance to the rupture plane. The site conditions were 
classified according to the Geomatrix system. 
A magnitude-distance scatter plot of the dataset is produced to identify a representative 
sample to be used in the trial analysis (Figure 7.1). The aim is to obtain approximately 
50 records where the acceleration time history and displacement spectra of one record is 
as different as possible to the next record. 
A representative range of magnitude and site class is selected and the source-to-site 
distance is limited to 100km. A new magnitude-distance scatter plot of these 50 records 
is produced (Figure 7.2); very weak records are excluded. As damage to buildings tends 
to occur at a PGA of approximately 0.2g and above, magnitude-distance curves that 
separate damage and non-damage are plotted for rock sites and soil sites (Bommer et 
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Figure 7.1: Magnitude-distance scatter graph for the Abrahamson and Silva (1996) dataset, also 
shown are the M-d curves separating damage and non-damage, taken from Bommer et al. 
(2001). 
Figure 7.2: Magnitude-distance scatter graph for the 50 selected records from the Abrahamson 
and Silva (1996) dataset, also shown are M-d curves separating damage and non-damage, taken 
from Bommer et al. (2001) 
7.3.2 Range of periods, ductility and yield force 
Initially, a natural period range of O. I -5s is considered. A maximum period of 5s results 
in an effective period of approximately 13s for a ductility of 6. This is considered to be 
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excessive and the period range is reduced to 0.2-3s. The period increment is first set to 
0.2s, but a trial analysis indicates that important spectral ordinates are lost at 
intermediate periods and the period increment is reduced to 0.05s. However, with such a 
small period increment, there are now 60 periods and the program analysis time 
increases dramatically. Half of the periods are extracted, and by observing response 
spectra presented in published literature (CALTECH, 1996), the periods are closely 
spaced at low values with the period increment increasing up to the maximum period of 
3s. 
The base shear coefficient or yield force factor, Cy, is equal to the elastic yield force of 
the structural system, Fy, divided by the weight of the system, W, and represents the 
strength of the structure: 
Fy  
Cy = kT, (7.1) 
A study of three seismic design codes for the USA, New Zealand and Turkey (IAEE, 
2000) led to the selection of a range of base shear coefficients of 0.021-0.8 at an interval 
of 0.05 beyond 0.05, to provide 16 Cy values. 
The range of ductility is only selected once some analysis results are obtained. From a 
trial run, ductility values as high as 200 are observed, which represent unrealistically 
weak structures. A literature review is conducted to determine a feasible range for the 
ductility. A number of published papers are studied, Miranda (2000), Borzi et al. (2001) 
and Priestley and Grant (2005) consider a maximum value of ductility of 6. However, 
Iwan (1980) considers a higher ductility value of 8 and Calvi (1999) considers a 
ductility of 12. Although the general consensus is to adopt a ductility value of 6, a value 
of 10 is selected at this stage, and may be reduced later if required. 
7.3.3 Results of trial analysis 
The following MDA file is taken as the example case; it uses the elasto-plastic 
hysteresis model and only one SDOF system at a single yield force factor of 0.3 is 
modelled at all 30 natural periods of vibration. The output results obtained are the 
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equivalent damping and corresponding ductility for the 50 records of the dataset and are 
presented in Figure 7.3, for a yield force factor of 0.3 and period 0.4s. 
There are only 38 results from the 50 earthquake records analysed, as some results are 
removed if yield does not occur or the ductility is greater than 10. Various influences on 
the data including magnitude, source-to-site distance and PGA are investigated. In 
addition the acceleration, velocity and displacement time histories, acceleration spectra 
and displacement spectra are obtained, in an attempt to explain the scatter in the data. It 
is difficult to ascertain trends in the data from only 38 earthquake records and so the 
main analysis is started. 
Ductility 
Figure 7.3: Example case of equivalent damping against ductility for the 50 records of the 
dataset, for a SDOF system with a yield force factor of 0.3 and natural period 0.4s 
7.4 	Analysis Using the NGA Dataset 
As outlined in the introduction, the main analysis is carried out using 1711 records of 
the NGA dataset. The approach to the investigation is also altered following the trial 
analysis. Five initial periods are selected: 0.2, 0.4, 0.6, 0.8 and 1 s and the records are 
grouped into subsets (Table 7.1), chosen on the basis that the yield force factor is above 
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0.2 at each of the periods. This condition is selected as it is more likely that these 
particular records are capable of causing structural damage. 
Table 7.1: Number of records in each subset, chosen on the basis that the yield force factor is 
above 0.2 at each of the 5 specified periods 
Initial period (s) Number of records 
in dataset 
0.2 1203 
0.4 1065 
0.6 881 
0.8 708 
1.0 567 
There are 5 MDA program files, which are set up for each of the 5 periods. The value of 
the yield force factor is 0.2 for all 5 cases and the analyses are run. 
7.5 	Results and Processing of the Data 
There are 5 sets of results of equivalent damping vs. ductility for the 5 initial periods 
(Figures 7.4-7.8). A first observation is that as the initial period increases, the upper 
ceiling of the equivalent damping decreases. 
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Figure 7.4: Results of analysis for initial period of 0.2s and a yield force factor of 0.2 
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Figure 7.5: Results of analysis for initial period of 0.4s and a yield force factor of 0.2 
Ductility 
Figure 7.6: Results of analysis for initial period of 0.6s and a yield force factor of 0.2 
0 0 
Ductility 
Figure 7.7: Results of analysis for initial period of 0.8s and a yield force factor of 0.2 
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Ductility 
Figure 7.8: Results of analysis for initial period of is and a yield force factor of 0.2 
As observed in the results of the trial analysis, there are some cases where the 
equivalent damping is zero and the ductility is less than 1 or greater than 10 and these 
records are removed from the results. It is also noted that there are a number of data 
points where the equivalent damping is less than 1%, and these are also removed from 
any subsequent processing (Table 7.2). It is considered that since the elastic viscous 
damping is not being modelled, an equivalent damping of less than 1% will most 
probably be due to elastic viscous damping only. 
Initially, the ductility is divided into bins of 0.5 and the average of the equivalent 
damping within each bin is found. In addition, the quartile results within each bin are 
also found (Figure 7.9-7.13). 
Table 7.2: Number of usable results once the following results are removed: equivalent damping 
is less than 1% and/ or the ductility is less than 1 or greater than 10 
Filename Initial period 
(s) 
Records in 
initial dataset 
Usable results 
MDA1 0.2 1203 978 
MDA2 0.4 1065 696 
MDA3 0.6 881 660 
MDA4 0.8 708 528 
MDA5 1.0 567 413 
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Figure 7.9: The mean and quartile values of the data within each 0.5 band of ductility for an 
initial period of 0.2s 
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Figure 7.10: The mean and quartile values of the data within each 0.5 band of ductility for an 
initial period of 0.4s 
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Figure 7.11: The mean and quartile values of the data within each 0.5 band of ductility for an 
initial period of 0.6s 
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Figure 7.12: The mean and quartile values of the data within each 0.5 band of ductility for an 
initial period of 0.8s 
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Figure 7.13: The mean and quartile values of the data within each 0.5 band of ductility for an 
initial period of ls 
What is apparent from the figures is the scatter in the median results although there 
appears to be a trend of increasing equivalent damping with increasing ductility for the 
lower values of ductility in each figure. Note that the number of data points within the 
higher ductility bins significantly reduces after a ductility value of 3; this becomes more 
evident for the results at higher values of initial period, where results are not even 
obtained. This may be due to the fewer number of records that have a value of spectral 
acceleration of at least 0.2g at such high values of initial period and so the chances of 
filling all the ductility bins is reduced. 
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It is difficult to define an equation that best fits the results; nevertheless, the general 
trend line of the median results is likened to those of Figure 6.24. This figure is 
reproduced as Figure 7.14 and includes the analysis results. 
Figure 7.14 displays the erratic behaviour of the median results from Figures 7.9-7.13, 
compared with the equivalent damping-ductility relationships obtained from the 
literature review of Chapter 6. The best-fit curves to the data of Figures 7.9-7.13 
(represented by a dotted line in Figure 7.14) follow the general trend of existing 
equivalent damping-ductility relationships but appear to lie in the upper end of the 
existing range. The best fit curves may lie in the upper end of the existing range as the 
elastic viscous damping is not being modelled, and in reality, all equivalent damping 
values should be reduced to account for this. However, Blandon and Priestley (2005) 
also neglect elastic viscous damping in their study but their curve is exceeded by the 
analysis results at an initial period of 0.2s. An overall view of the analysis results is that 
as the initial period of the system increases, the equivalent damping decreases, except 
for the case of the initial period of 1s. The general trend is to be expected as there are 
fewer cycles of motion at longer periods; hence there is less energy dissipation. 
Therefore, the equivalent damping-ductility relationship depends on the range of initial 
periods considered; this may explain the divergence amongst the results of the literature 
review observed in Figure 7.14. In addition, the study in this chapter models a yield 
force factor of 0.2, but this information is not provided for the other equivalent 
damping-ductility relationships of Figure 7.14. 
One final comparison is made using Equations (7.2) and (7.3), taken from a progress 
report on ATC-55 (Comartin, 2002) for the relationship between the equivalent 
damping and the ductility (Figure 7.15). 
equiv. —4 =3.19(p-1)2 —0.660(p-1)3 	1.1<4 	(7.2) 
4q„,, 	=10.6+0.116(p-0 
	
1.1.?4 	(7.3) 
A point of interest is that Equations (7.2) and (7.3) are referenced as Iwan (2002) in the 
ATC-55 document; however, it is the Iwan and Guyader (2002) paper that is in the 
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reference list. The actual Iwan (2002) optimal parameters are given by Equations (7.4) 
and (7.5), and the relationship is also plotted in Figure 7.15. 
— 40 = 5.07(p —1)2 —1.08(p —1)3 	i.t<4 	(7.4) 
equiv. — 4 = 11.7 +1.58(p —1) 	 1.1?4 	(7.5) 
Ductility 
Figure 7.14: Reproduction of Figure 6.24 displaying the median results from Figures 7.9-7.13 
and the best fit curves for the 5 sets of results 
Interestingly, Figure 7.15 indicates that the results of the analysis produce significantly 
higher equivalent damping values than the ATC-55 curve. Again it must be remembered 
that the elastic viscous damping is not modelled in the analysis; even so, the results 
would still be greater than the ATC-55 curve. However it should be noted that all of 
Iwan's work in this area recommends a period less than the secant period, which has the 
effect of reducing the values of the equivalent damping; the ATC-55 or Iwan and 
Guyader (2002) curve is very closely related to the Iwan (1980) curve (Figure 6.24). 
The analysis results from the present study are closer to the Iwan (2002) equivalent 
damping-ductility relationship, which means Iwan (2002) is considering periods larger 
than Iwan (1980) and Iwan and Guyader (2002). 
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If the equivalent damping is being underestimated by using Iwan's optimal parameters, 
then ATC-55 is currently over-conservative, as the design displacement is larger than 
required. More energy is actually dissipated so the displacement will be smaller. 
The best fit curve to the median results of the analysis (Figure 7.15) show that the initial 
period has a significant effect on the equivalent damping-ductility relationship and any 
future equation should include a period component, rather than taking an average of all 
the periods considered. The effect of period was first included explicitly in an 
equivalent damping-ductility relationship by Blandon and Priestley (2005). Although 
there are problems associated with their equation, which the authors acknowledge 
themselves (as detailed in Section 6.2), this appears to be the way forward in the 
development of the equivalent damping-ductility relationship. 
As outlined in the introduction to this chapter, it is possible to define an equation based 
on the best-fit curves, but more insight may be gained into the equivalent damping-
ductility relationship by investigating the possible reasons for such extensive scatter in 
the median results. 
Ductility 
Figure 7.15: Comparison of analysis results with the equivalent damping-ductility relationship 
taken from the progress report on ATC-55 (Comartin, 2002) and from Iwan (2002). 
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7.6 	Investigating the Scatter in the Results 
The case of the initial natural period of 0.4s is adopted for this investigation into the 
scatter of the data (Figures 7.5 and 7.10). Consideration is first given to the intensity of 
the earthquake records, and so the actual value of the spectral acceleration at 0.4s is 
found. The values are then plotted on a scatter graph within groups of SA(0.4), with a 
different symbol used for each category. At first the results showed much scatter and to 
refine the study, the higher values of SA(0.4) are removed (Figure 7.16). The only 
observation is that at higher values of SA(0.4), the minimum ductility value increases, 
which is to be expected as more energy is contained within the record to push the 
inelastic displacement to higher values. A number of plots are generated after adjusting 
the ranges of SA(0.4), to see if more solid trends can be identified when the records are 
grouped differently, but this does not highlight any such trends. 
The next step involves finding the average value of spectral acceleration across the 
period range 0.4 to 1 s, which is found from 31 values at 0.02s intervals (Hancock and 
Bommer, 2004). This data is represented in the same manner as Figure 7.16 and this 
time a distinct pattern amongst the bands of data is observed (Figure 7.17). The bands of 
data of SA(0.4-1) form increasing quarter circles about an origin (1,0), although there is 
considerable overlap in the bands. 
Figure 7.16: Equivalent damping vs. ductility for a range of SA(0.4) values, greater than 0.2g 
and divisions of 0.2g. 
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One particular band of data is selected for further study. This is the group SA(0.4-1): 
0.6-0.8g and contains 102 records. The group is divided again with SA(0.4-1)=0.6-0.7g 
and 0.7-0.8g (Figure 7.18). This further division does not provide any more information 
on the scatter. 
❑ SA(0.4-1): 0.2-0.4g 
❑ SA(0.4-1): 0.4-0.6g 
SA(0.4-1): 0.6-0.8g 
❑ SA(0.4-1): 0.8-1.0g 
❑ SA(0.4-1): 1.0-1.2g 
Figure 7.17: Equivalent damping vs. ductility for a range of SA(0.4-1) values, greater than 0.2g 
and divisions of 0.2g. 
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Figure 7.18: Equivalent damping vs. ductility for a the selected range of SA(0.4-1): 0.6-0.8g. 
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Each of the 102 earthquake records within this group, SA(0.4-1): 0.6-0.8g, are studied 
in greater detail. A first step is to inspect the record information in order to identify any 
trends regarding magnitude, source-to-site distance or site class for example; however, 
no trends present themselves. 
For each of the 102 records, three plots are produced using Seismosignal (Seismosoft, 
2004). A sample of the three plots is shown in Figure 7.19. The first plot shows the 
acceleration spectra at 0% damping with the average value of SA(0.4-1) marked on the 
figure. The second plot presents the inelastic spectral displacement at 0% damping, at 
the ductility value obtained from MDA. The initial period of 0.4s is also shown on this 
figure. The third graph shows the elastic displacement spectra at 0% damping and at the 
value of equivalent damping obtained from MDA; the effective period obtained from 
MDA is also shown in this figure. In clearer terms, the first plot displays the value of 
SA(0.4-1) that allowed some distinction between the data points and the last two plots 
contain information required by MDA to calculate the equivalent damping. 
The 102 records are then divided into bins of ductility, and the sets of three graphs are 
studied within the ductility groups. The significance of dividing the data into ductility 
bins is that everything about the data points are approximately the same and it is hoped 
that some light is shed on the possible reasons for the scatter in the values of equivalent 
damping. A more in-depth study is required and the ductility bin 3 to 3.5 is selected for 
further investigation, because the 17 records within this group display the biggest range 
of equivalent damping (Table 7.3). 
The three-plot figure for each of the 17 records are visually inspected and it is noticed 
that the higher values of equivalent damping result from acceleration response spectra 
that on first inspection, indicate a higher spectral intensity (SI). The SI from the initial 
period of 0.4s to a period of 4s (area under the acceleration response spectra between 
these two periods) is calculated. These SI values are plotted against the corresponding 
equivalent damping values for the 17 records in the group (Figure 7.20). 
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Figure 7.19: Example of set of three graphs which provide detailed information relating to each 
of the 102 records, within the group SA(0.4-1):0.6-0.8g 
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Figure 7.20: Results of the investigation into the influence of SI(0.4-4s) on the equivalent 
damping, for the 17 records in the group. 
Figure 7.20 indicates much scatter in the results and it does not seem to be the case that 
the equivalent damping increases with spectral intensity. The three-plot figure for each 
of the 17 records are visually inspected again and this time consideration is given to the 
fact that much of the energy of the record occurs at shorter periods and so SI(0.4-
Tcffectivc) is calculated (Figure 7.21). The results display the same scatter as Figure 7.20 
and do not support the hypothesis that the equivalent damping increases with increasing 
SI. 
0.15 	0.2 	0. 5 	0.3 	0. 5 	0 4 
Spectral Intensity SI(0.4-Terrecti„) 
Figure 7.21: Results of the investigation into the influence of SI(0.4-Teffective) on the equivalent 
damping, for the 17 records in the group. 
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Table 7.3: Earthquake information and equivalent damping and ductility values for the 17 
records within the ductility bin 3 to 3.5, taken from the subset of 102 records, corresponding to 
Figure 7.18 
Earthquake Year Station 1VI, d 
(km) 
Site 
class 
g Teti 4 
("0) 
ref 
no 
Coalinga-01 1983 Parkfield- 
fault zone 4 
6.4 45.1 D 3.3 0.73 23.1 56 
Kobe, Japan 1995 HIK 6.9 136.8 D 3.0 0.70 25.9 52 
Loma Prieta 1989 Treasure 
Island 
7.0 99.0 E 3.3 0.72 38.9 78 
Loma Prieta 1989 Coyote Lake 
dam 
(downstr.) 
7.0 35.5 D 3.4 0.74 8.4 44 
New 
Zealand-02 
1987 Matahina 
dam 
6.6 25.0 C 3.0 0.70 14.2 42 
Northridge- 
01 
1994 Camarillo 6.7 51.4 D 3.0 0.70 4.5 20 
Northridge- 
01 
1994 LA- Cypress 
Avenue 
6.7 37.6 C 3.0 0.69 25.5 53 
Northridge- 
01 
1994 Pasadena-N 
Sierra Madre 
6.7 47.4 C 3.2 0.71 1.0 21 
Northridge- 
01 
1994 Point Magu- 
Laguna Peak 
6.7 51.4 C 3.1 0.71 20.3 58 
Northridge- 
01 
1994 Leona valley 
#5-Ritter 
6.7 55.3 C 3.3 0.72 21.1 57 
Northridge- 
01 
1994 Terminal 
Island-S. 
Seaside 
6.7 61.1 D 3.4 0.74 14.2 60 
Taiwan 
SMART1-40 
1986 SMART1 
001 
6.4 72.2 D 3.1 0.70 37.9 65 
Taiwan 
SMART1-40 
1986 SMART1 
E01 
6.4 67.4 D 3.5 0.74 48.7 90 
Taiwan 
SMART1-45 
1986 SMART1 
010 
7.3 78.3 D 3.2 0.71 24.3 55 
Whittier 
Narrows-01 
1987 LA-Obregon 
Park 
6.0 17.2 D 3.4 0.73 28.8 66 
Whittier 
Narrows-01 
1987 Arcadia- 
Campus Dr 
6.0 17.6 C 3.4 0.74 19.5 59 
Whittier 
Narrows-01 
1987 LA- W 70th 
St 
6.0 25.5 D 3.5 0.75 32.0 79 
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7.6.1 Reducing the secant period 
This section investigates whether the effective period of the system has some influence 
on the scatter in the equivalent damping values, within the ductility bin 3 to 3.5. The 
equivalent damping is currently calculated in MDA using the maximum displacement of 
the system and the effective period. However Iwan (1980; 2002) suggested that the 
maximum excursion, for the hysteretic model adopted, may only occur once and another 
value of displacement may be more appropriate, as it is more representative of the 
whole motion. Figure 7.22 shows an example where the repeated motion, indicated by a 
bold line, does not occur at the maximum excursion. Iwan (1980) first derived the 
equations for the optimal parameters; the parameters were selected by minimising a 
measure of the response prediction error. This provided a value of the effective period 
(reduced value of the secant period) and corresponding equivalent damping (Equations 
(6.6) and (6.7) of Chapter 6). Iwan (2002) developed these equations and described a 
new statistically-based method for defining the optimal parameters for use with the 
Capacity Spectrum Method of analysis. 
Program MDA is reprogrammed to apply a period factor to obtain the maximum 
displacement at a value of period less that the secant period. Selection of the factors is 
important. The factors reduce the secant period to give a reduced value of effective 
period, so it is important to ensure that the factor does not reduce the secant period to 
the initial period, To, of 0.4s or below (Figure 7.23). The selected period factors are 0.9, 
0.8, 0.7 and 0.6. 
Figure 7.22: Example of a hysteretic model with the majority of the motion (bold line) 
occurring at a displacement, 6, less than the maximum 
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Ter = F. Tsecant 
Where F 5 1 
8 
Figure 7.23: Illustration of the relationship between the effective period, Ted; and the secant 
period, Tsecant,  with the application of a period factor F. Note that To/ Tsec < F < 1. 
The analysis is re-run for the 17 records of Table 7.3, applying the period factors 0.6-0.9 
and the results show a significant reduction in the scatter (Figure 7.24). Note that at the 
lower period factors of 0.7 and 0.6, some of the 17 data points are lost as the equivalent 
damping, at this lower value of effective period, is equal to zero. The reduction in the 
equivalent damping is significant, the range is 1-49% at a period factor of 1 (secant 
period) but reduces to 5-22% at a period factor of 0.8. Therefore, it may be stated that 
reducing the secant period does have an effect on reducing the scatter in the equivalent 
damping. With reference to Figure 7.14, this reduction in the range of the equivalent 
damping would correspond to the Iwan (1980) equivalent damping-ductility 
relationship, as expected. However, the reduction in the equivalent damping is not 
consistent for all the records; one record at a period factor of 0.8 may have an 
equivalent damping value closer to that of another record at a period factor of 0.7. This 
implies that some other feature such as the magnitude of the event for example, may 
also have an influence on this relationship. The investigation commences into the 
influences on the reduced secant period results of equivalent damping vs. ductility. The 
following influences are investigated: 
• Magnitude 
• Source-to-site distance 
• Site class 
• PGA 
• Spectral intensity SI(0.4- I s) 
• Duration 
• Arias intensity 
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The best way to represent the variation of the equivalent damping with the ratio of the 
effective period to the secant period (Teffective! Tsecant) is shown by Figure 7.25. 
• 1.0 x Secant period 
• 0.9 x Secant period 
• 0.8 x Secant period 
• 0.7 x Secant period 
• 0.6 x Secant period 
Figure 7.24: Graph to show effect of reducing the secant period, on the scatter of the results 
Teffectiverrsecant 
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c record90 
Figure 7.25: Graph to show the variability of equivalent damping vs. Teffective/ Tsecant for all 17 
records 
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Figure 7.25 indicates that the 0.8 factor is the optimum reduction factor as it is able to 
reduce the scatter the most for this ductility bin, without losing any data points. Two 
groups of records may be identified. The first group shows an increase in the equivalent 
damping rising steeply with increasing period factor up to 1 and the second group 
shows almost constant equivalent damping with increasing period factor. 
To study the influence of magnitude on the results, the magnitude is separated into three 
categories: M46-6.4), M46.5-6.8) and M46.9-7.3). The 17 records are then divided 
into each group, and each category is designated a colour. Figure 7.25 is plotted again 
(Figure 7.26) with three colours representing the three categories. 
Teffectivei Tsecant 
+ —+ record20 
+—+ record42 
+ —+ record52 
+—+ record53 
▪ record65 
+ —+ record21 
record55 
▪ record58 
record56 
▪ record57 
▪ record78 
+—+ record44 
record66 
+ —+ record60 
1 record59 
• record79 
record90 
Figure 7.26: Effect of magnitude on the scatter. n„,(6-6.4): green, M46.5-6.8): blue and 
M46.9-7.3): red 
There appears to be no influence of magnitude on the results, although the lower 
magnitude events generally correspond to higher equivalent damping values. The way 
in which the data is presented makes it easy to look for trends at each period factor and 
also overall. The process is repeated for different features including the source to site 
distance, site class, PGA and SI(0.4-4s) and duration (Figures 7.27 to 7.31). 
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+ —+ record2l 
+ —+ record55 
+ —+ record58 
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• record59 
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record90 
Teffectm,/ Tsecant 
Figure 7.27: Effect of source to site distance on the scatter. d(0-25km): green, d(25-60km): blue, 
d(60-100km): red and d(>100km): black 
I-effective/ Tsecant 
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Figure 7.28: Effect of NEHRP site class on the scatter. Site class C: green, site class D: blue and 
site class E: red 
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1-effective/ Tsecant 
Figure 7.29: Effect of PGA on the scatter. PGA(0-0.2g): green, PGA(0.2-0.4g): blue and 
PGA(>0.4g): red 
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Figure 7.30: Effect of SI(0.4-4s) on the scatter. SI(0.4-4s), (0.4-0.6): green, SI(0.4-4s), (0.6-0.8): 
blue, SI(0.4-4s), (0.8-1): red and SI(0.4-4s), (>1): black 
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Figure 7.31: Effect of duration on the scatter. Duration (4-12s): green, Duration (13-21s): blue, 
Duration (22-30s): red and Duration (31-39s): black 
Unfortunately all these investigations thus far are unable to specifically indicate the 
reason for the divergence in the equivalent damping values in the ductility bin 3 to 3.5. 
Finally the effect of the Arias intensity on the data is investigated. An explanation of the 
hypothesis is first provided, Figure 7.32 compares the Arias intensity of two 
earthquakes, the first is magnitude M,(5.4) and the second is IV4(7.3). The importance 
of this figure is that for the case of the 1\445.4) earthquake, there is less time for the 
earthquake energy to be dissipated (indicated by a steep gradient), resulting in an 
equivalent damping value that is expected to be small. In the second case of the Kv(7.3) 
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event, there is adequate time for energy dissipation (indicated by a shallow gradient), 
resulting in an equivalent damping value that is expected to be large. Therefore a small 
study is conducted to compare the Husid plots for the 17 records (Figure 7.33). 
Figure 7.32: Possible effect of the Arias Intensity on the equivalent damping 
Figure 7.33: Comparison of the Arias intensity amongst the 17 records. Equivalent damping (0- 
10%): green, Equivalent damping (11-20%): blue, Equivalent damping (21-30%): red, 
Equivalent damping (31-40%): black and Equivalent damping (41-50%): turquoise 
Unfortunately, the expected relationship between the equivalent damping and Arias 
intensity is not confirmed. The majority of the curves display a steep gradient but 
represent records of both low and high values of equivalent damping. 
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7.7 	Discussion and Recommendations for Future Work 
This investigation certainly reveals the complexity of the relationship between the 
equivalent damping and the ductility. The trial analysis provided essential information 
on the input parameters that led to a good set of main analysis results, using the NGA 
dataset. The scatter plots of equivalent damping vs. ductility for the 5 initial periods, 
from 0.2-1s highlighted the scarcity of results at the high range of initial period and at 
higher ductility values. The statistical analysis outputs median results that still display 
an enormous amount of variation from the results of the literature review relationships. 
Best fit curves to the median results are found to lie in the upper end of the existing 
range of equivalent damping-ductility relationships. It is observed that there is a 
significant variation in the equivalent damping-ductility relationship with period; it is 
recommended that future equations also contain a period term. It is also recommended 
here that more analysis is conducted to obtain results at other periods. 
It is interesting to investigate the large scatter of the median results. The case of an 
initial period of 0.4s is selected for further study and the strength of the records is 
considered by highlighting the SA(0.4) values and then the SA(0.4-1) values. A trend in 
the data is noticed with the SA(0.4-1) values and one band of 102 data points is selected 
for further study. Any obvious influences of magnitude, source-to-site distance and site 
class for example, are explored. In addition, the response spectra at the point when the 
equivalent damping is derived are compared within ductility bins. The ductility bin 3 to 
3.5 is selected for further study so that most information relating to the 17 earthquake 
records within this bin is the same; the reasons for such variation in the equivalent 
damping are explored. 
For these 17 records, the effect of the spectral intensity across the period ranges 0.4-4s 
and 0.4-Teffective, is calculated, but the anticipated relationship of increasing equivalent 
damping with increasing spectral intensity does not hold. The work of Iwan (1980; 
2002) is considered next and new analyses are carried out; the results of equivalent 
damping vs. ductility at reduced values of the secant period are obtained. This has the 
effect of reducing the equivalent damping range for the 17 records; the reduction is 
significant: from 1-49% at a period factor of 1 to 5-22% at an optimum period factor of 
0.8. Iwan's proposals, that the extreme displacement, which occurs at the secant period, 
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may not be representative of the response and that some other displacement at a reduced 
secant period should be adopted, appear logical and are being put forward in the 
literature, as ATC-55 adopts Iwan's recommendations for using a period less than the 
secant period. Further research and acceptance by the wider seismic engineering 
community is required before new equivalent damping-ductility relationships for 
design, based on Iwan's optimal parameters, are finalised here (see the 
recommendations for future work outlined below). In any case, the reduction in the 
equivalent damping is not consistent for all the records; one record at a period factor of 
0.8 may have an equivalent damping value closer to that of another record, at a period 
factor of 0.7. This implies that some other feature may also have an influence on this 
relationship. In addition, although the range is now much reduced to 5-22%, what 
influences cause this difference of 17%? 
The influence on the equivalent damping at the reduced secant periods is investigated. 
The influence of magnitude, source-to-site distance, site class, PGA, SI, duration and 
Arias intensity is explored but to no avail. This study into the scatter of the results for 
the equivalent damping-ductility relationship considered numerous influences, but no 
conclusions could be found. 
This work has allowed the development of ideas for taking the research forward. It 
appears that a new approach in the search for influences on the results may be 
conducted using spectrally matched records to essentially reduce the number of ground 
motion parameters that may have an effect on the equivalent damping-ductility 
relationship. The investigation into the scatter of the data should also be carried out for 
the other ductility bins, other bands of data with SA(0.4) equal to various values and the 
remaining 4 initial periods. The analyses should be conducted with the inclusion of 
some value of the elastic viscous damping. There is also scope to re-run the analyses for 
other initial periods and other yield strengths. 
The effect of period is of the most importance both in Iwan's work regarding the 
optimal parameters and the inclusion of a period parameter in future definitions of the 
equivalent damping-ductility equation. 
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8.0 	ASSESSMENT OF THE EQUAL DISPLACEMENT RULE 
8.1 	Brief Overview 
The concept of the equal displacement rule was first presented by Veletsos and 
Newmark (1960) and Muto et al. (1960). With reference to Figure 8.1, the rule is simply 
that the inelastic displacement at points 2 and 3 is approximately equal to the elastic 
displacement at point 1, and the elastic force may be reduced accordingly. 
Force 
Felastic 
FR2 
FR3 
2 
3 
dy3 	dy2 	dmax 
Figure 8.1: Graphical representation of the 'Equal displacement' rule, taken from Priestley et al. 
(2004) for two elasto-plastic systems (2 and 3) 
The main benefit of using such a rule is that a value of the design lateral strength may 
be determined, that is able to limit the maximum inelastic deformation in a structure to a 
prescribed value, under certain conditions. Designing for inelastic behaviour of 
structures is preferable, economically, to designing structures elastically. 
The equal displacement rule is then adopted as part of the displacement modification 
method (Moehle, 1992), which is currently one of two widely used non-linear static 
procedures for displacement-based design; the other is of course equivalent linearization. 
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Equivalent linearization is secant stiffness based while displacement modification is 
initial stiffness based. 
The equal displacement rule has been found to be valid across the period range 0.6-2s 
(Priestley et al., 2004) and 1-3s (Miranda, 2000) and so does not apply at very short or 
very long periods. Miranda (2000) also found that the ductility of the system affects the 
validity of the rule in this period range and that the rule is limited when applied to soft 
soils; Miranda (1993) suggested that NEHRP-2003 (FEMA, 2003) site class E should 
not be included in future investigations. In addition, Miranda (2000) found that stiff soil 
and rock sites are found to show a 10% error from the rule; the average elastic 
displacements are up to 10% smaller than the inelastic displacements. Priestley et al. 
(2004) found non-conformity of the rule at intermediate periods, when the hysteretic 
model was very different from the elasto-plastic case. However, the work in this chapter 
investigates the very foundation of the equal displacement rule. 
There have been recent developments regarding the most appropriate value for the 
elastic viscous damping. Currently, this elastic damping of say 5% is related to the 
initial stiffness of the hysteretic system, but this has been found to dominate the total 
energy loss (Priestley and Grant, 2005; Hall, 2005). Therefore the tangent stiffness is 
suggested to lead to a more reasonable estimation of the energy loss, related to the same 
elastic damping value of 5%. The difference between initial stiffness and tangent 
stiffness proportional damping has been found to be significant (Otani, 1981). Note that 
the damping force is equal to the damping coefficient multiplied by the velocity. In the 
case of initial stiffness proportional damping, the damping coefficient, c is proportional 
to the square root of the stiffness, see Equation (8.1). Note that the term 'initial stiffness 
proportional' is a misnomer as the damping coefficient is proportional to the square root 
of the initial stiffness, ki: 
c =2nta), = 	 (8.1) 
where co is the initial vibration frequency and 	is a specified fraction of critical 
damping. In the case of tangent stiffness proportional damping, the damping coefficient 
is proportional to the instantaneous value of the stiffness and is updated whenever the 
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stiffness changes. At any instant, c is given by Equation (8.2) (Priestley and Grant, 
2005). 
c =2mco, k 
24 
 
k. co, 
(8.2) 
where k is the tangent stiffness. Intuitively, the tangent stiffness reduces with increased 
motion therefore the damping will reduce, resulting in larger displacements. Note that 
the stiffness parameter multiplied by the stiffness is the damping coefficient. Priestley 
and Grant (2005) made a comparison between initial stiffness proportional and tangent 
stiffness proportional damping by observing the steady-state response of an inelastic 
SDOF subject to sinusoidal waves. The results are illustrated in Figure 8.2. 
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Figure 8.2: Steady-state inelastic response of a SDOF inelastic model subject to harmonic 
motion. Figure (a) represents the initial stiffness proportional damping and (b) represents 
tangent stiffness proportional damping, taken from (Priestley and Grant, 2005) 
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Figure 8.2 represents stabilised loops as the first 3s of motion are ignored. The graphs 
on the left illustrate the hysteretic response associated with the nonlinear structural 
response and the graphs on the right show the elastic damping force-displacement 
response. The area within all 4 graphs is the energy absorption and the difference 
between the two models is considerable. Let us consider the initial stiffness proportional 
damping; the energy absorbed due to the elastic damping is 83% of that absorbed by 
hysteresis. Priestley and Grant (2005) stated that this is a surprising result, as the elastic 
damping should be only 5% of the hysteretic energy dissipation. The reason is due to 
the elastic damping being derived from the initial stiffness while the hysteretic value is 
determined from the secant stiffness to maximum response. The results are much better, 
though not ideal for the tangent stiffness proportional damping case; the energy 
absorbed due to the elastic damping is 15% of the hysteresis energy loss. In addition it 
is clear that there is a reduction in damping force, when there is a reduction in stiffness. 
It is concluded by the authors that the tangent stiffness proportional damping is the 
optimum measure of the elastic damping. 
Therefore, the work in this chapter adopts the tangent stiffness proportional damping to 
represent the elastic viscous damping of 5%. The expected result is a reduction in the 
energy dissipation of the inelastic system, resulting in an increase in the maximum 
displacement. The results should show whether the equal displacement rule is still valid 
with the adoption of the tangent stiffness proportional damping. 
8.2 	Method of Investigation 
The NGA dataset is adopted for this work and a subset of 264 earthquake records are 
chosen on the basis that the yield force factor is above 0.2g at a period of 0.4s. This 
condition is selected as it is more likely that these particular records are capable of 
causing structural damage; the magnitude-distance scatter plot is shown in Figure 8.3. 
As this study investigates the validity of the equal displacement rule when the tangent 
stiffness proportional damping is modelled instead of the initial stiffness proportional 
damping, the 264 records are chosen to mirror those used by Miranda (2000). The idea 
is to keep any other potential influences the same. The magnitude ranges from Mw 5.4- 
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7.5, the source-to-site distance is limited to 100km, the site class ranges from A-D and 
the PGA of the records must be greater than 0.04g. 
As the equal displacement rule is found to be valid across the period range 0.6-2s 
(Priestley et al., 2004) and 1-3s (Miranda, 2000), and as this investigation aims to find 
out if the rule is still valid using tangent stiffness proportional damping, a period of 1.6s 
is selected that lies within both ranges. 
An elasto-plastic hysteretic system is chosen for the analyses. The range of the base 
shear coefficient or yield force factor, Cy, modelled, lies between 0.021 and 0.5 for the 
natural period of 1.6s. The batch processor MDA (details provided in Chapter 7) is used 
to input the data in the form of the SDOF system details, the required yield strength 
factor of each system, the stiffness relating to the natural period of the system and the 
strong-motion record, resulting in 264 MDA files. The program MDA then calls upon 
the program Seismostruct (Seismosoft, 2003) to conduct the analyses, which has a 
facility to model the tangent stiffness proportional damping. This elastic damping is set 
at 5% and the stiffness parameter (Chopra, 2005) is calculated at the selected period of 
1.6s. The output of the analyses is the maximum displacement of each inelastic system 
relating to each yield force factor modelled for each record. 
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Figure 8.3: Magnitude-distance scatter plot for the 264 strong-motion records selected from the 
NGA dataset 
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The first few records are analysed and the results showed that for some records, the 
maximum elastic displacement is very small, and so no response is achieved at the 
SDOF systems at medium or high values of yield force factor. This indicates that these 
particular records are very weak. As expected, it is also noted that more output results 
are obtained for records with a higher value of PGA, as more of the higher yield 
strength oscillators respond. At this stage, an investigation is conducted to see if it is 
possible to scale up the response of these weaker records. 
8.3 	Scaling of Inelastic Displacements 
This study aims to determine whether it is possible to scale the inelastic displacement 
results, which are obtained for each of the earthquake records in order to normalise all 
the results; is it viable for the response of a system with a low yield force factor, Cy, to 
be linearly scaled up to equal the response of a system with a high Cy? Note that both Cy  
and the record intensity are being scaled by the same amount. The normalisation of the 
data is beneficial as this represents records that have the same elastic response ordinates 
at the fundamental period of the oscillator, so that comparisons may be easily made 
across 264 records, along with statistical conclusions. 
Record 1 (Kobe, 1995), record 2 (Imperial valley, 1979), and record 3 (Manjil, 1990) 
are selected for this study. Record 1 is taken as the example case; the maximum elastic 
displacement of this record is 153mm at a Cy value of 0.241. A selection of inelastic 
displacements is obtained for various Cy values up to 0.241. These maximum 
displacements are then linearly scaled by a factor of 2 and the corresponding Cy values 
are also scaled up by a factor of 2 (Figure 8.4). This now represents a record with a 
maximum elastic displacement of 306mm at a Cy value of 0.482. 
To test the feasibility of this simple linear scaling, the accelerogram of record 1 is first 
scaled by a factor of 2, which doubles the strength of the record and mirrors the linear 
scaling carried out above. This scaled accelerogram is then analysed and the values of 
the maximum inelastic displacement, at twice the original Cy values, are obtained (Table 
8.1). 
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The maximum inelastic displacements obtained from the scaled record are almost 
identical to those found by the linear scaling. To confirm these results, the test is 
repeated with the application of a scale factor of 3, and this also provides very good 
results (Table 8.2). Figure 8.4 clearly shows that linearly scaling the maximum inelastic 
displacement is equivalent to first scaling the input accelerogram. The test is repeated 
with records 2 and 3 and the results are shown in Figures 8.5 and 8.6 respectively. 
Therefore linearly scaling all the output inelastic displacements, by way of 
normalisation of all the data is feasible. The normalised data makes it possible to 
visually compare the results of all the analysed records to determine whether the equal 
displacement rule is still valid with the use of the tangent stiffness proportional damping. 
16o' 	260 	360 	460 	' 56o ' 	600 
Displacement (mm) 
Figure 8.4: Results to compare the linearly scaled values of the maximum inelastic displacement 
with those obtained from the scaled accelerogram (record 1: Mw6.9, source-to-site distance of 
311cm, site class B and PGA 0.31g). Note that both Cy and the record intensity are being scaled 
by the same amount 
Table 8.1: Comparison of the maximum inelastic displacements found from normalisation with 
the values obtained from the scaled accelerogram (x2) 
Original Cy Original max. 
displacement 
Linearly scaled 
Cy 
Linearly scaled 
displacement 
Scaled record 
displacement 
0.0191 119.91 0.0383 239.82 240.82 
0.0500 166.60 0.1000 333.20 333.18 
0.0870 157.70 0.1740 315.40 315.38 
0.1312 131.51 0.2624 263.02 262.99 
0.1750 164.57 0.3500 329.14 329.18 
0.2187 161.60 0.4374 323.20 323.44 
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Table8.2: Comparison of the maximum inelastic displacements found from normalisation with 
the values obtained from the scaled accelerogram (x3) 
Original Cy Original max. 
displacement 
Linearly scaled 
Cy 
Linearly scaled 
displacement 
Scaled record 
displacement 
0.0191 119.91 0.0574 359.73 360.03 
0.0500 166.60 0.1500 499.80 499.8 
0.0870 157.70 0.2610 473.10 473.09 
0.1312 131.51 0.3936 394.53 394.49 
0.1750 164.57 0.5250 493.71 493.77 
0.2187 161.60 0.6561 484.80 484.78 
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O original output 
• linearly scaled values x2 
o linearly scaled values x3 
+ scaled record x2 
X 	scaled record x3 
Figure 8.5: Results to compare the linearly scaled values of the maximum inelastic displacement 
with those obtained from the scaled accelerogram (record 2: Mw6.6, source-to-site distance of 
281cm, site class D and PGA 0.1809g). Note that both Cy and the record intensity are being 
scaled by the same amount 
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Figure 8.6: Results to compare the linearly scaled values of the maximum inelastic displacement 
with those obtained from the scaled accelerogram (record 3: MW7.4, source-to-site distance of 
42.4km, site class C and PGA 0.5146g). Note that both Cy and the record intensity are being 
scaled by the same amount 
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8.4 	Processing of Results 
Following the investigation in Section 8.3, the base shear coefficient input data is 
modified so that the maximum inelastic displacement may also be obtained at lower 
yield force factors (Cy 0.01-0.5) and all 264 records are analysed; the 1,978 data points 
are then processed. 
The output obtained from Seismostruct, for one record and at the natural period of 1.6s, 
is the maximum displacement at each of the values of the specified yield strength factor. 
For each record, the maximum elastic displacement is obtained from the output and the 
corresponding maximum yield force is calculated. The normalisation of all the data is 
carried out to a maximum yield force factor of 1.0 and corresponding elastic 
displacement of 636mm for the period of 1.6s. With reference to Section 8.3, the 
calculated maximum yield force factor is scaled up to a value of 1.0. This scale factor is 
used to scale up all the yield force factors modelled for that record, as well as the 
corresponding maximum inelastic displacements. This is carried out for all 264 records 
and the normalised results are shown in Figure 8.7. 
Displacement (mm) 
Figure 8.7: Normalised data for 264 earthquake records 
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The data is also presented in Figure 8.8, against logarithmic displacement, as it is 
identified that the data exhibits a log normal distribution due to the extreme 
displacements influencing the mean results. 
The data is divided into 0.1 bands of yield force, and within each band, the mean and 
quartile values are calculated and presented in Figure 8.9. The logarithms of all the data 
points are then found and within each yield force band, the mean and quartile values are 
calculated and presented in Figure 8.10. 
Displacement (mm) 
Figure 8.8: Graph to show the normalised data for 264 earthquake records, against displacement 
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Figure 8.9: The mean and quartile values of the data within each 0.1 band of yield force factor 
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Figure 8.10: The mean and quartile values of the log of the data within each 0.1 band of yield 
force factor 
Figures 8.9 and 8.10 indicate that the data tends to support the equal displacement rule, 
as shown by the location of both the mean and median values. The results in Figure 8.9 
indicate that the extreme outliers influence the average of the data, as the mean values 
tend to be greater than the median values, especially at lower values of the yield 
strength. However, it appears that the outliers are relatively few in number as the mean 
values are not significantly displaced from the median values. 
Figure 8.10 suggests a log normal distribution of the data as the mean values are almost 
identical to the median values. It is also observed in Figures 8.9 and 8.10 that the 
median displacements reduce slightly at mid-range values of base shear coefficient of 
0.3 to 0.6. 
These results clearly show that the equal displacement rule is valid on average even 
when the elastic viscous damping is modelled with the tangent stiffness proportional 
damping rather than the initial stiffness proportional damping. However, it is interesting 
to investigate whether there are any differences in the results when each of the two 
forms of elastic viscous damping is adopted. Also of interest is the large scatter in the 
data. Ten records are found to produce extreme displacements and are referred to as 
outlier points in the text (Table 8.3). 
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These 10 records are taken and analysed again, this time with the elastic viscous 
damping modelled with the initial stiffness proportional damping. The results for 6 of 
the records are shown in Figure 8.11. 
Table 8.3: Information for the 10 records that produce extreme displacements 
Ref 
no. 
Earthquake Year Station M, 
d 
(kin) 
Site 
class 
PGA 
(g) 
Duration 
(s) 
39 Tabas, Iran 1978 Tabas 7.4 55.5 B 0.851 16.12 
61 
Imperial 
Valley-06 
1979 
El Centro array 
#7 
6.6 29.4 D 0.463 4.79 
228 Irpinia, Italy 1980 Bisaccia 6.9 25.1 B 0.083 26.09 
230 Irpinia, Italy 1980 Sturno 6.6 29.4 D 0.463 4.79 
241 Loma Prieta 1989 
Hollister Diff. 
array 
7.0 48.4 D 0.150 13.21 
268 Manjil, Iran 1990 Abhar 7.4 76.8 D 0.208 21.11 
35 
Kocaeli, 
Turkey 
1999 Duzce 7.5 99.5 D 0.193 11.79 
36 
Kocaeli, 
Turkey 
1999 Sakarya 7.5 36.9 C 0.262 9.86 
101 
Kocaeli, 
Turkey 
1999 Yarimca 7.5 25.1 D 0.267 15.34 
103 
Kocaeli, 
Turkey 
1999 Gebze 7.5 49.7 B 0.244 7.41 
Where d is the source-to-site distance and the duration definition is 5-95% of Arias intensity 
The majority of the results show that the maximum inelastic displacement is reduced 
when the initial stiffness proportional damping is used instead of the tangent stiffness 
proportional damping; this effect is more pronounced at lower values of the yield force 
factor. At high values of the yield force factor, the data points are almost identical 
although the displacement still tends to slightly smaller values when used with the 
initial stiffness proportional damping. This leads to the conclusion that previously, when 
the equal displacement rule was defined using the initial stiffness proportional damping, 
the scatter in the data was much reduced. In addition, the scatter may also have been 
reduced previously if very low values of yield force were not modelled. The analysis 
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conducted in this chapter uses very low values of yield force factor, as low as 0.01; 
although such weak structures do not exist, it serves the purpose of amplifying any 
trends that may exist. 
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Figure 8.11: These records, corresponding to the extreme displacements were re-analysed using 
the initial stiffness proportional damping (hollow squares) and compared to the results using the 
tangent stiffness proportional damping (solid squares). The record number shown in the top 
right hand corner of each plot is the reference number in Table 8.3 
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To confirm these results, another 6 randomly selected records, which do not produce 
extreme displacements, are re-analysed with the initial stiffness proportional damping 
and are compared to the results using the tangent stiffness proportional damping (Figure 
8.12). 
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Figure 8.12: Six random records are presented here; these records were re-analysed using the 
initial stiffness proportional damping (hollow squares) and compared to the results using the 
tangent stiffness proportional damping (solid squares) 
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It should be noted that for the records where the displacements fall short of the elastic 
value of 636mm, the scatter is actually reduced for the case where the tangent stiffness 
proportional damping is modelled (see record 177 and 194 in Figure 8.12). 
Figures 8.11 and 8.12 display random variations in the inelastic displacement. If the 
data points at very low base shear coefficients are removed, then the results of Figure 
8.11 follow the expected median results of Figure 8.9. This is actually unexpected, as it 
is assumed that the variation in inelastic displacement should be more random with 
respect to the base shear coefficient (Figure 8.12). Although the word random is used, it 
is apparent from Figure 8.12 that there is a reduction in the displacement at the mid-
range values of base shear coefficient of 0.3-0.6, as observed in Figures 8.9 and 8.10. 
The maximum inelastic displacement achieved by a SDOF system is related to the 
phase of the accelerogram and how much a system yields depends on the characteristics 
of the motion after yielding first occurs. It is hypothesised that the larger magnitude 
events that cause these extreme displacements contain enough energy to follow the 
expected median results of Figure 8.9. 
8.5 	Investigating the Scatter in the Data 
The investigation into the scatter of the data is considered by visually searching for 
possible influences of ground-motion parameters that may exist. The scatter is 
significant as presented by Figure 8.7 and is represented more clearly by a histogram 
(Figure 8.13). 
Figure 8.13 illustrates that relatively few data points achieve an inelastic displacement 
that is exactly equal to the value of the elastic displacement of 636mm. However many 
more data points are at a displacement of 636mm ±50mm that collectively validate the 
equal displacement rule. 
The influence of magnitude is first investigated (Figure 8.14). 
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Figure 8.13: Histogram to display how far the data points are displaced from the equal 
displacement line at 636mm 
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Figure 8.14: Variation of maximum inelastic displacements with magnitude 
There appears to be a trend of increasing magnitude with increasing extreme 
displacements; however a residual plot would clarify this. The process is repeated to 
investigate the influence of source-to-site distance, site class, PGA and significant 
duration based on the 5-95% Arias intensity (Figures 8.15-8.18). These plots are 
provided even though residual plots illustrate trends more clearly, as information related 
to the extreme displacements is highlighted 
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Note that this investigation into the scatter is very closely related to the work conducted 
in Chapter 7, which looks into the variation of the equivalent damping with ductility, or 
in other words, what causes the equivalent damping to be so varied for the same 
ductility level. The study within this chapter looks at the variation in the maximum 
inelastic displacements, in other words, what causes a system to reach different ductility 
levels for the same value of base shear coefficient. As the maximum inelastic 
displacement, which defines the ductility, is related to the energy loss of the system, 
these two problems are intricately linked. 
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Figure 8.15: Variation of maximum inelastic displacements with source-to-site distance 
Figure 8.16: Variation of maximum inelastic displacements with site class 
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Figure 8.17: Variation of maximum inelastic displacements with PGA 
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Figure 8.18: Variation of maximum inelastic displacements with significant duration based on 
5-95% Arias intensity (s) 
What is apparent from Figures 8.14-8.18 is the record information for the 10 outlier 
records; these extreme displacements that result from these records are inherently 
highlighted. These 10 records are from the higher magnitude categories, generally from 
the softest soil category (although there are a few records from stiff soil sites) and from 
the PGA category of 0.2-0.4g. Magnitude and site class is indicative of spectral 
intensity through the spectral shape. Figures 8.14-8.18 led the investigation towards 
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searching for trends amongst these records. The 10 records are re-analysed at different 
periods, at 1.2s and 1.8s to see if the excessive displacements are only produced at a 
natural period of 1.6s, due to the frequency content of the record. However the outliers 
remain to be outliers at these two alternative periods. 
The residuals of the data are plotted against magnitude, source-to-site distance, site class 
and PGA in Figure 8.19 and against the significant duration based on the 5-95% Arias 
intensity in Figure 8.20, to provide a clearer picture of any potential influences on the 
data. 
The results of Figure 8.19 are rather interesting, particularly because there is a very 
marked influence of magnitude on the residuals of the data. As the magnitude of the 
event increases, the residuals also increase. This indicates that the equal displacement 
rule has the potential to lose its validity for larger magnitude earthquakes, although 
there are many more records that have a residual tending to zero. The residual plots for 
the source-to-site distance and site class do not display any obvious trends related to 
these influences. For the case of PGA, it is observed that the higher residuals occur at 
values of PGA of 0.2g and 0.3g, there is a slight trend that there is the potential for the 
equal displacement rule to lose its validity as PGA reduces. It is also important to note 
that the higher residuals represent the 10 outlier records amongst others, and if these are 
removed, the influences observed may not be so strong. Therefore for future work, it is 
recommended that more records are analysed, that contain even higher magnitude 
events to confirm these findings. 
The results of Figure 8.20 are interesting as they highlight that the extreme 
displacements occur at mid-range values of significant duration. It is hypothesised that 
there is an optimum value of earthquake energy that causes these extreme events. 
Earthquakes with larger durations are able to spread the energy for the duration of the 
earthquake and shorter-duration events impart most of the energy in a shorter timeframe. 
It is the mid-range durations that contain the required amount of energy over the 
optimum time frame to cause extreme excursions in the SDOF systems. 
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Figure 8.19: Residuals of the data plotted against magnitude, source-to-site distance, site class 
and PGA 
Figure 8.20: Residuals of the data plotted against the significant duration based on the 5-95% 
Arias intensity (s) 
The next investigation searches for trends amongst the acceleration time histories and 
the acceleration response spectra for the 10 records. Many of the acceleration response 
spectra display a secondary peak at around 3s and a few of the corresponding 
acceleration time histories appear to have long period cycles towards the end of the 
recording. This suggests that once the system first yields, there is long period motion 
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0.2 
-0.1 
that arrives later in the signal with enough energy to cause the system to yield further, 
with very clear results (Figure 8.21). It should also be noted that the acceleration time 
history in Figure 8.21 may be displaying long period cycles towards the end of the 
recording as a result of soil liquefaction at the recording site. In a similar way, those 
data points that reach only very low displacements, as low as 154mm, are indicative of a 
record with enough energy to cause yielding but not enough to reach the elastic 
displacement of 636mm. This idea may be confirmed by calculating the spectral 
intensity of each record from the natural period of 1.6s to about 4s (Equation 8.3) and 
plotting this against the residuals of the data (Figure 8.22). 
4 
SI = SSA(T).dT 	 (8.3) 
1.6 
Unfortunately the hypothesis that the higher the value of SI(1.6-4s) the higher the 
residual displacement, is not confirmed. It may be observed, however, that the higher 
residuals occur for records with mid-range values of SI(1.6-4s). This trend is also 
observed in Figure 8.20, where the higher residuals occur for records with mid-range 
values of significant duration based on 5-95% of Arias intensity. These SI(1.6-4s) 
results lend support to the hypothesis that extreme displacements occur for records with 
the optimum earthquake energy that occurs at the mid-range values of significant 
duration. 
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Figure 8.21: Acceleration time history and acceleration response spectra for record 268 
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Figure 8.22: Residuals of the data plotted against SI(1.6-4s) 
8.6 	Discussion and Recommendations for Future Work 
This investigation into the validity of the equal displacement rule produces interesting 
results. When the tangent stiffness proportional damping replaces the commonly used 
initial stiffness proportional damping, the rule is found still to be valid, as observed by 
the median results of the data. However, there is a distinct difference in the maximum 
value of inelastic displacement attained; the values are almost always greater for the 
case that models tangent stiffness proportional damping, rather than the initial stiffness 
proportional damping. 
The scatter in the results is investigated as there are many extreme displacements that do 
not support the equal displacement rule. It should be noted that the scatter is much 
larger than previously observed for two reasons: the first relates to the use of the initial 
stiffness proportional damping as already discussed, and the second is due to the very 
small values of yield strength modelled. The analysis of the residuals displays an 
influence of magnitude; the equal displacement rule has the potential to lose its validity 
as the magnitude increases. It is also suggested that the equal displacement rule has the 
potential to lose its validity as PGA reduces, although this may just be a feature of the 
dataset. 
The 10 earthquake records that produce extreme displacements are studied in greater 
detail and a trend is observed in the spectral acceleration response. There appears to be a 
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secondary peak at higher values of natural period, which coincides with long-period 
cycles of the acceleration time history. The spectral intensity is calculated for the 264 
records and the influence on the residuals investigated. The only trend in the data is that 
which mirrors the trend observed in the case of significant duration: that the higher 
residuals occur at mid-range values of duration and mid-range values of SI(1.6-4s). It is 
suggested that these mid-range values provide the optimum conditions for these extreme 
excursions. 
Recommendations for future work include repeating the analysis at another period such 
as 2.5s, which falls outside the period range of 0.6-2s recommended by Priestley et al. 
(2004) and within the period range of 1-3s recommended by Miranda (2000). The aim 
of this suggested study would be to confirm one of the period ranges, which would re-
define the period limit of applicability of the equal displacement rule. However, it is 
necessary to repeat the analysis across the full period range to conclusively re-define the 
period range. Another recommendation is to increase the dataset, both in size and to 
include higher magnitude earthquakes, to confirm if the equal displacement rule has the 
potential to become less valid for higher magnitude events and lower PGA values. 
These results would also cast new light on the hypothesis regarding the influence of 
mid-range values of both the significant duration (5-95% Arias intensity) and SI(1.6-4s) 
on the residuals of the data. 
275 
9.0 	CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
This re-evaluation of earthquake actions for displacement-based seismic design 
considers non-linear static procedures. The two main groups within this design category 
are equivalent linearization, which is secant stiffness based and displacement 
modification, which is initial stiffness based. 
The equivalent linearization method adopted for exploration is direct displacement-
based design (Priestley and Kowalsky, 2000). The earthquake actions related to this 
design method was selected as the main component of the thesis, as there is only scarce 
information currently provided in the equivalent linearization section of EC8 (CEN, 
2004), in comparison with the information provided for the displacement modification 
method. 
Defining the shape of the displacement spectra, as a characteristic of the ground motion, 
is the first step in the re-evaluation of earthquake actions for displacement-based design. 
The effect of record processing, as applied to raw strong-motion records, on the long 
period ordinates of the response spectrum is found to be significant; the usable period 
range must be accurately determined. The consequences of going beyond the maximum 
usable period are reduced spectral ordinates, as too much of the earthquake signal has 
been removed by the filter used to remove the noise signal, especially at longer periods. 
It is concluded that the usable period range for processed analogue recordings is very 
short, ranging from 1.5-4s, depending on the filters. This is because low-frequency filter 
cut-offs are used to remove the noise signal and only the response below 3s is little 
affected by the processing. The usable period range of processed digital recordings is 
twice that of the processed analogue recordings (Akkar and Bommer, 2006). 
Control period TD, which marks the start of the constant displacement plateau of the 
displacement spectrum, is the adopted measure for investigating the influence of 
seismological parameters. Effectively, TD acts as the anchor point for the spectral shape. 
As the magnitude increases, the value of TD increases, as does the displacement ordinate 
associated with TD. As the source-to-site distance increases, the value of the spectral 
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displacement increases. As the site class tends to softer soils, the spectral ordinates 
increase. Bommer and Elnashai (1999) also found that TD also increases as the site tends 
to softer soils. Conclusions could not be drawn regarding the influence of near fault 
directivity. It is found that those current design codes that do consider the influence of 
seismological parameters, do so to varying degrees. In conclusion it may be stated that 
the averaging of datasets, carried out in order to obtain a representative spectral shape 
for codes removes any influence of seismological parameters that may exist. 
The scaling of the 5%-damped displacement response spectrum for higher damping 
levels is an essential feature of direct displacement-based design in representing the 
equivalent viscous damping. Current scaling factors are a function of the damping and 
in some cases, the period as well. The period dependence of scale factors, as identified 
in some of the literature, is found to simply be a facet of the derivation of the scale 
factor, due to the mixing of records in the dataset, in terms of magnitude, source-to-site 
distance and site class. The comparison of current scaling factors, taken from 31 
reviewed documents, found great divergence in the results. For example, at a period of 
3s, the spectral ratio at 30%-damping ranges from 0.42-0.705. In all cases, the 
divergence grows as the damping ratio increases, as expected, as the spectral ordinates 
are increasingly removed from the 5%-damped ordinates. 
Using the results of four ground-motion prediction equations, as well as stochastic 
simulations, the following influences on the spectral ratios are observed. The spectral 
ratios decrease with an increase in magnitude. In addition, the spectral ratios decrease 
with an increase in source-to-site distance, though the results are not as pronounced as 
those for magnitude. The results of Bommer et al. (1998) show that for the case of 30%-
damping and at a period of 2s, the ratio decreases from 0.68 for a magnitude Ms5.5 
earthquake at a source-to-site distance of 5km to 0.51 for a magnitude M57.5 event at 
50km, which is a reduction of 25%. This adjustment for magnitude and source-to-site 
distance has obvious implications on the displacement adopted for design, which in turn 
has a impact on the cost of a structure. The spectral ratios are found to be weakly 
dependent on site class; the spectral ratios for stiff and soft soil are lower than those for 
rock. These three influences are consistent with the ratios being dependent on the 
strong-motion duration; the spectral ratios decrease with an increase in duration. 
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In addition, the effect of near fault rupture directivity, supported by the reduction of the 
spectral scaling factors derived by Priestley (2003), is consistent with the controlling 
parameter being duration. 
The significant duration based on the 5-95% of Arias intensity is adopted as the 
duration measure in the derivation of the duration-dependent scaling factor. The 
following equation is derived using 1500 records of the NGA dataset: 
SD( %) 	r 
= 1+10.15 — 0.336 logic, ()]log10 (Di ) 	(9.1) 
SD(5%) 
This spectral reduction factor is valid for all damping ratios from 10% to 55% and for 5-
95% significant durations from 1-30s. 
The scatter in the results is found to depend on the spectral ratios being averaged across 
the period range 1.5-3s (TD to TE). For some earthquake records, the constant 
displacement plateau used to calculate the spectral ratio, occurs at much lower periods. 
For some records, the spectral ratio is incorrectly being calculated for regions of the 
displacement spectra that are tending to PGD, resulting in very high values of spectral 
ratio. For future work, it is recommended that control period TD and TE are defined by 
using some feature of the earthquake record that has been shown to influence the shape 
of the displacement spectra such as magnitude or site class. 
A cycle-dependent scaling factor is derived using the same 1500 records of the dataset. 
The measure adopted is the rainflow range counting, converted relative to PGA with an 
exponent of 2 (Nrr(2)) The results are similar to the duration results, except the 
dependence is not so pronounced. 
y = (0.0005 — 0.0021)[1n(Nrr)]Z + (— 0.1145 ln + 0.2042)[1n(Nrr )] + 1 	(9.2) 
This equation is valid for a range of 3-32 cycles of motion and damping from 10% to 
55%. 
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As EC8 features two design response spectra, Type 1 and Type 2 it is possible to 
account for duration to some degree and compare the EC8 scale factor with Equation 
(9.1). The EC8 factor is found to be non-conservative for the Type 2 spectral shape and 
a new Type 2 scale factor is derived: 
11 
= 	
35  
30+ 
(9.3) 
This equation may be implemented immediately by EC8, to ensure safe designs. 
There is currently no duration parameter presented or used in earthquake design codes 
and it is not likely to be introduced in the foreseeable future. Therefore the duration-
dependent equation (Equation 9.1) may not be used until this limitation is addressed. 
Producing zonation maps for duration is not a feasible solution, as this could result in 
5%-damped ordinates driven by one earthquake scenario, being adjusted for a duration 
corresponding to another earthquake scenario. The alternative of mapping spectral 
control parameters for a number of damping levels is cumbersome. The ideal solution is 
to supplement basic zonation maps with disaggregated earthquake scenarios, from 
which the appropriate durations can be estimated. This is a radical new way of thinking 
that provides a logical, and more accurate, approach to earthquake design. 
The second section of the thesis relating to equivalent linearization, investigates the 
relationship between the equivalent damping and ductility. The literature review finds 
great divergence amongst existing equivalent damping-ductility relationships. The 
investigation conducted for this research uses 1200 records of the NGA dataset, and 
provides results that display much scatter. The best fit curves to the median results, at 
the 5 initial periods considered, lie in the upper range of the existing equivalent 
damping-ductility relationships compared in the literature review. There is significant 
variation with initial period from 0.2-1s and it is suggested that the influence of period 
be incorporated in any future definition of the equivalent damping-ductility relationship. 
Rather than defining another equivalent damping-ductility relationship from median 
results that display a great deal of scatter, an investigation is conducted to gain some 
understanding of the reasons for such scatter in the analysis results. By adopting the 
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proposals of Iwan (1980, 2002) as part of this investigation into the scatter, the range in 
equivalent damping for the ductility bin 3-3.5 is reduced from 1-49% to 5-22% at an 
optimum period factor of 0.8. This reduction was not consistent for all the records and 
an investigation into the possible reasons why did not offer any explanations. Further 
research and acceptance by the wider seismic engineering community is required before 
new equivalent damping-ductility relationships for design, based on Iwan's optimal 
parameters are derived. The future work should be combined with the derivation of new 
equivalent damping-ductility-period equations. 
This investigation has allowed the development of ideas for taking the research forward. 
Spectrally matched records are recommended to essentially reduce the number of 
ground motion parameters that may have an effect on future equivalent damping-
ductility-period relationships. The analyses should be conducted with the inclusion of 
some value of the elastic viscous damping. 
The displacement modification method adopted by FEMA-440 (FEMA, 2005) is the 
coefficient method from FEMA-356 (FEMA, 2000), with recommended improvements 
from Miranda et al. (2002). This research work proves that the equal displacement rule 
is still valid when the elastic viscous damping is modelled using the tangent stiffness 
proportional damping rather than the initial stiffness proportional damping. However, 
the value of inelastic displacement increases when the tangent stiffness proportional 
damping is modelled. This effect is more pronounced at lower values of the yield force. 
This leads to the conclusion that previously, when the equal displacement rule was 
defined using the initial stiffness proportional damping, the scatter in the data was much 
reduced. In addition, the scatter may also have been reduced previously if very low 
values of yield force were not modelled. 
The investigation into the scatter of the data is considered by observing possible 
influences of ground motion parameters. The results are rather interesting, particularly 
because there is a marked influence of magnitude on the residuals of the data. As the 
magnitude of the event increases, the residuals increase. This indicates that the equal 
displacement rule has the potential to lose its validity for larger magnitude earthquakes. 
The residual plots for the source-to-site distance and site class do not display any 
obvious trends related to these influences. For the case of PGA, it is observed that the 
280 
higher residuals occur at values of PGA of 0.2g and 0.3g; there is a slight trend that the 
equal displacement rule also has the potential to lose its validity as PGA reduces, 
although this may just be due to a bias in the dataset. 
The residual plot for the significant duration based on the 5-95% Aias intensity 
highlight that the extreme displacements occur at mid-range values of significant 
duration. It is hypothesised that there is an optimum value of earthquake energy that 
causes these extreme events. Earthquakes with larger durations are able to spread the 
energy for the duration of the earthquake and shorter-duration events impart most of the 
energy in a shorter timeframe. It is the mid-range durations that contain the required 
amount of energy over the optimum time frame to cause extreme excursions. This leads 
to a recommendation for future work to confirm this. The spectral intensity study 
confirms this; the higher residuals occur for records with mid-range values of SI(1.6-
4s). 
Recommendations for future work include repeating the analysis at another period such 
as 2.5s, which falls outside the period range of 0.6-2s recommended by Priestley et al. 
(2004) and within the period range of 1-3s recommended by Miranda (2000). The aim 
of this study would be to confirm one of the period ranges, which would re-define the 
period limit of applicability of the equal displacement rule. However, it is necessary to 
repeat the analysis across the full period range to conclusively re-define the period 
range. Another recommendation is to increase the dataset, both in size and to include 
higher magnitude earthquakes, to confirm if the equal displacement rule has the 
potential to become less valid for higher magnitude events. These results would also 
cast new light on the theory regarding the influence of mid-range values of both 
significant duration and SI(1.6-4s) on the residuals of the data. 
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